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INTRODUCTION 
Ground water contamination by nonpoint source (NFS) pollutants has recently claimed 
center stage visibility as a legitimate environmental concern (Pye et al., 1983; Sun, 1986). 
An indispensable component of most current, economically sound agricultural production 
practices is the use of agrichemicals (pesticides and fertilizers). The environmental problems 
of agricultural chemicals in ground water have been documented (e.g. Hallberg, 1989; 
Holden, 1986; Hem and Melancon, 1986). Emphasis on pest control to achieve high 
productivity has resulted in the increased use of these chemicals. The public's awareness 
of ground water contamination has increased significantly in recent years because of well-
publicized case histories such as Love Canal, Seymour site, etc. (Epstein et al., 1983), as 
a result of which the National Pesticide Survey and the National Water Quality Assessment 
Program are closely scrutinizing agriculture for its impact on water quality. These findings 
have inspired new research to better define the extent of the problem, identify the key 
sources and transport pathways, and develop new management alternatives to reduce further 
degradation of water resources. 
As environmental controls become more costly to implement and the penalties of 
judgement errors become more severe, environmental quality management requires more 
efficient analytical tools based on greater knowledge of the environmental phenomena to be 
managed. The fate of agricultural chemicals in the unsaturated zone, if known, would not 
only assist in the planning of abatement techniques but also give a clear understanding of 
potential source areas of concern which are strictly site-specific. Fate assessment is feasible 
by field monitoring, and/or laboratory testing to determine indices of contamination potential. 
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or by simulation modeling. Field testing is however limited to the number of locations and 
scenarios that can be feasibly examined and also requires several years of observations to 
gather valid data that reflects climatic variability. Predictive computer models on the other 
hand, serve as tools for simulating field scenarios which involve the integration of complex 
chemical, physical, and biological processes so that a pesticide's potential effect on water 
quality can be effectively evaluated. Simulation models also aid in extrapolating management 
impact to sites outside the experimental location with a minimum of further experimentation. 
Their capability to incorporate descriptions of the key processes that modulate system 
performance or behavior make them valuable tools. Simulation modeling enables the 
researchers to study new management systems and estimate their effect on production and 
environmental conditions. An interactive use of modeling and experimentation is the most 
efficient way to conduct research on the effects of management. 
Several process-oriented models have been developed and evaluated under diverse 
locales and management scenarios to assess traditional ground water loading impacts of NFS 
pollution. NFS models can generally be classed into two broad categories depending on their 
intended use: screening or planning models, and hydrologie assessment models (Novotny, 
1986). Hydrologie assessment models are much more complex than screening models and 
are intended for assessing current conditions or alternative management scenarios. They are 
further subdivided into field-scale and watershed-scale models. 
Simulation models vary in complexity, output presentation, and input parameter 
requirements. They pursue different approaches to predict chemical behavior in the 
environment. Extensive effort has gone into the development of these models, yet 
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comprehensive evaluation has been limited mainly because of the scarcity of cognizant 
personnel and field data for testing and validation. Spatial and temporal variations involved 
with the data results in high degree of uncertainty associated with the results obtained. 
The Field Moisture Balance Model (FMBM) developed at Iowa State University, as 
part of a study of the hydrology of the loess hills of western Iowa (Anderson et al., 1978), 
is a complex physically-based hydrologie model which has shown better predictions of 
surface runoff and infiltration than the USEPA's Pesticide Root Zone (PRZM) Model 
(Anderson, 1989). A hypothesis was formulated that a deterministic hydrologie model would 
result in improved water quality predictions. This prompted the idea of model interfacing. 
A careful analysis of existing source codes showed PRZM-2 and Groundwater Loading 
Effects of Agricultural Management Systems (GLEAMS) to meet the objectives. 
Objectives 
In order to test the hypothesis that a more complex deterministic hydrologie model 
would improve the predictions of water quality, this dissertation is based on a study with six 
major objectives: 
i) enable FMBM to predict pesticide fate, 
ii) quantitatively compare the revised FMBM results with PRZM-2 using data from the 
Gingles and Four Mile Creek watersheds in Iowa, 
iii) conduct a sensitivity analyses of the revised FMBM for a wide range of commonly 
used agricultural pesticides, 
iv) improve upon the tile flow predictions from the revised FMBM, 
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v) enable FMBM simulate multiple years with the ability to handle snow and frozen soil 
conditions, and 
vi) update the documentation of the revised FMBM. 
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LITERATURE REVIEW 
The problem of ground water contamination was recognized a decade or more ago. 
Results of the National Pesticide Survey (U.S. EPA, 1992) confirm the presence of 
agricultural chemicals in water supply wells, as a consequence of which several Federal and 
State laws have been passed to regulate the quality of drinking water. Simulation models 
provide the user with the capability of evaluating the response of natural systems to a range 
of scenarios in an effîcient and cost-effective manner (Leonard and Knisel, 1986). 
Hydrologie models can be categorized as field-scale and watershed-scale models. 
Field-scale models attempt to describe hydrologie processes within a single field or land 
resource unit with uniform soils, cropping, topography, and weather. Examples include the 
Chemical Runoff and Erosion from Agricultural Management Systems Model (CREAMS; 
Knisel, 1980), Cornell Nutrient Simulation and Cornell Pesticide Management Model (CNS 
and CPM; Haith and Loehr, 1979), Nitrogen Tillage Residue Management Model (NTRM; 
Shaffer, 1985), the Root Zone Water Quality Model (RZWQM; deCoursey et al., 1989), 
Risk of Unsaturated/Saturated Transport & Transformation of Chemical Concentrations 
(RUSTIC), PRZM-2, and the GLEAMS model to name a few. On the other hand, 
watershed-scale models go one step beyond field-scale models and simulate runoff not only 
in the fields, but also between the fields and receiving waters. Some of them are event-
oriented (single storm predictions) while others are continuous simulation models. Typical 
watershed-scale models include the Agricultural Nonpoint Source Pollution Model (AGNPS; 
Young et al., 1989), Areal Nonpoint Source Watershed Environment Response Simulation 
Model (ANSWERS; Beasley and Huggins, 1982), Agricultural Runoff Management Model 
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(ARM; Donigian and Davis, 1978), Hydrologie Simulation Program-Fortran (HSPF; 
Johanson et al., 1981), NPS, Storage Treatment Overflow Runoff Model (STORM; U.S. 
Army Corps of Engineers, 1985), Storm Water Management Model (SWMM; Huber et al., 
1983), and the Water Erosion Prediction Project (WEPP; Gilley et al., 1988). A summary 
of a few important characteristics of the selected models is presented in Table 1. All the 
models named above are very intensive in their input data requirement, and so a need arises 
to somehow feed the information such that the simulation of various locales and management 
conditions can be efficient as well as economical. 
Keeping this perspective in mind and to make life of the modelers easier, scientists 
at the Environmental Research Laboratory-Athens, GA have developed a national database 
and retrieval system (DBAPE) that provides on-line soils and météorologie data for use with 
predictive pesticide transport models. A direct-coupled version of DBAPE and the PRZM 
model is available in the form of a new PRZM Input Collator Code (PIC) (Carsel and Jones, 
1990). Likewise, several databases exist which are of tremendous help in obtaining 
information for a speciflc chemical and geologic scenario. 
Comparisons of model simulations with field study measurements have confirmed the 
validity of the models (Boesten et al. 1989; Jones et al. 1986, 1987, 1988; Carsel et al. 
1985, 1986; Lorber and Offutt 1986) especially when evaluating the potential for residues 
in ground water or drinking water rather than prediction of actual concentration profiles. 
The use of current modeling technology with existing meteorological and soil data bases 
allows essentially unlimited site-specific evaluations. The results of these simulations can 
be used to prevent inappropriate use of agricultural chemicals in vulnerable areas or to 
Table 1. 
Model 
Principal models used for NFS pollution 
Time Scale Watershed 
Characterization 
Groundwater Parameters 
Loading Simulated 
Field-scale models 
CREAMS 
CNS 
GLEAMS 
NTRM 
PRZM-2 
RZWQM 
WEPP 
continuous 
continuous 
continuous 
continuous 
continuous 
continuous 
continuous 
Watershed-scale models 
AGNPS 
ANSWERS 
ARM 
HSPF 
NPS 
STORM 
SWMM 
event 
event 
continuous 
continuous 
continuous 
continuous 
continuous 
distributed 
distributed 
lumped 
lumped 
lumped 
lumped 
distributed 
yes S,N,P 
yes S,N 
yes S,P 
yes S,N,P 
yes S,P 
yes S,N,P,BOD,B,DO 
yes S 
no S,N,B,COD 
no S,N 
yes S,N,P 
yes S,N,P,B,D0,0 
yes S,N,DO 
no S,N,BOD 
yes S,N,B,COD 
* S = sediment, N = nutrients, P = pesticides, COD = chemical oxygen demand, B 
bacteria, DO = dissolved oxygen, BOD = biochemical oxygen demand, O = others 
develop management plans (when necessary) to minimize residues in ground water and 
protect the nation's drinking well water supplies. Other uses of computer models include 
assistance in interpreting data from field research studies or monitoring programs and 
identifying areas where field research or monitoring programs should be conducted. 
However, it must be emphasized that the accuracy of any modeling simulation is dependent 
upon the use of the correct chemical, meteorological, soil, and crop data. Therefore, 
modeling should not be considered an acceptable substitute for determining degradation rates 
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or sorption of an agricultural chemical using field research studies or laboratory experiments. 
Several researchers have validated simulation models with field data collected over 
a period of time to prove their usefulness. However, the results are still inconclusive due 
to spatial and temporal variability of model parameters, as well as of the soil constituents. 
Shoemaker and Magette (1987) studied many ground water quality models for assessing 
agricultural best management practices (BMPs). They concluded that even though many 
models exist, a unique model capable of truly representing the physical, chemical, and 
biological interactions of the soil as a three-phase system is still unavailable. 
Of the existing codes, PRZM and GLEAMS are the only two models developed to 
account for agricultural management practice effects on pesticide fate and transport (Smith 
et al., 1991). On the other hand, the Field Moisture Balance Model (FMBM; Anderson, 
1975) a deterministic hydrologie model which represents very well the hydrologie 
phenomenon in the field is incapable of predicting water quality. 
Several studies conducted on PRZM and GLEAMS have been reported in the 
literature. Researchers have utilized and are utilizing these models as guide, in the 
assessment of best management practices, evaluating risk of groundwater contamination from 
use of agricultural chemicals, decision-making for nonpoint source pollution, and getting an 
overall picture of nation's water resources (Carsel et al. 1985, 1986, 1988; Hedden 1986; 
Lorber and Offut 1986; Jones et al. 1987, 1988; Leonard et al. 1986, 1987, 1988, 1989, 
1990; Leonard and Knisel 1987, 1988; Lehman et al. 1988; Shoemaker et al. 1988; Smith 
et al. 1988, 1991; Shirmohammadi et al. 1988, 1989; Loague et al. 1989; Pennell et al. 
1990; Huyakom et al. 1988; Sauer et al. 1990; Truman and Leonard 1991; Parrish and 
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Smith 1990; Parrish et al. 1992, and Varshney et al. 1993). 
Several chemicals under different scenarios, geologic conditions, and varying climates 
have been evaluated using simulation models. Shahghasemi (1980) adapted the FMBM 
model developed by Anderson et al. (1978) to predict the erosion processes on agricultural 
watersheds. The model was revised to incorporate new functions in order to predict the 
overland flow hydrograph and the effects of tillage and rainfall on infiltration and runoff. 
Anderson (1989) compared the FMBM hydrologie simulation results with the PRZM model 
and found that predictions of surface runoff compared more favorably with observed data for 
Gingles watersheds, from FMBM. Five years of weather data were available. PRZM 
predicted surface runoff on days when no runoff were recorded with low coefficients of 
correlation as compared to the FMBM model. 
Since, no single model is available to simulate the physical processes as a whole, 
model interfacing has gained popularity in recent years. An exhaustive study on the 
selection, application, and validation of environmental models was presented by Donigian 
and Rao (1990) who stressed on the fact that sometimes to improve upon the simulation, it 
may be necessary to link two or more models by having one model provide input to the other 
in order to fully characterize the environmental system and meet the needs of the assessment. 
Several attempts have since been made to interface two different models to improve upon 
their simulation predictions. 
Erosion Productivity Impact Calculator-Pesticide (EPIC-PST) by Sabbagh et al. 
(1991) is a physically based crop growth/chemical movement model developed to simulate 
simultaneously the effects of different agricultural management practices on crop yield, and 
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chemical (nutrient and pesticide) losses by surface runoff, sediment transport and leaching 
below the root zone. The model uses EPIC (Williams et al., 1983b) as a building block and 
integrates to it the chemical algorithm of the GLEAMS model (Leonard et al., 1987). 
Comparison of observed and predicted pesticide concentrations in the soil profile showed that 
the model apparently simulated faster movement of chemical through the root zone than that 
observed in the field. However, the patterns in the changes of chemical concentration with 
time were similar to that observed (Sabbagh et al., 1991). Likewise in another study, Singh 
et al. (1992) coupled Drainage Model (DRAINMOD), with CREAMS and GLEAMS. The 
hydrologie component from DRAINMOD was coupled with the pesticide sub-component of 
CREAMS and GLEAMS with the addition of a snowmelt component to suit it for Ontario 
(Canada) conditions. CREAMS simulated the erosion/sediment, and nutrient component 
portion while the pesticide component was simulated by GLEAMS. 
The economic and environmental impacts of agricultural water quality policies were 
analyzed by Sabbagh et al. (1992) relying on a modeling framework. The system 
encompasses a mathematical programming model of the region's agricultural sector (LPM), 
a crop growth/chemical movement model (EPIC-PST) and MODFLOW, a three-dimensional 
ground water flow model. The three models were interfaced through a set of data 
management programs. MODFLOW was linked to EARTHONE, a geographic information 
system (GIS) to facilitate gridding and contouring the water elevation data and providing 
graphical display of the results. 
The PRZM-2 model so far, has never been used in model interfacing. The PRZM-2 
(PRZM version 2.0, 1992) model was selected for interfacing with FMBM because of its 
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widespread use and acceptability to the agricultural chemical industry, promotion by the 
USEPA, comprehensive treatment of important processes, dynamic nature, extensive field 
testing and validation, and comparatively better available documentation than the GLEAMS 
(Leonard et al., 1987) model. This is the first time, a complex hydrologie model was 
integrated with the chemical algorithms of PRZM-2, so as to predict better water quality. 
The physical processes handled in the PRZM-2, GLEAMS, and FMBM model are discussed 
briefly below: 
Pesticide Root Zone Model (PRZM-2) 
The PRZM model developed by Carsel et al. (1984) at the EPA Environmental 
Research Laboratory in Athens, GA, is a continuous field-scale compartment simulation 
model capable of simulating hydrology and one-dimensional transport of pesticides, within, 
and at shallow depths, below the unsaturated root zone. Primarily developed to serve as a 
decision support tool, PRZM is best suited to areas that are dominated by deep, well-drained 
soils where the water table is near the surface (Carsel et al., 1986). 
PRZM-2 constitutes two major components, a water balance algorithm and a chemical 
transport algorithm. The water balance algorithm consists of three simple equations that 
partition water within and between the surface, the active root zone, and the remainder of 
the unsaturated zone. Surface runoff is predicted using a modification of the SCS curve 
number equation (William and LaSeur, 1976) and the soil loss in erosion using the Modified 
Universal Soil Loss Equation (MUSLE) developed by Williams (1975). Daily pan 
evaporation, pan coefficient, soil water availability, and cropping stage are required to 
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calculate the actual daily potential évapotranspiration (PET). The percent ground cover, used 
to calculate evaporation from soil is determined by linear interpolation between the dates of 
crop emergence and maturity. An option is provided for using either the daily pan 
evaporation with a pan evaporation coefficient or calculating evaporation from daily mean 
temperature and monthly daylight hours in the absence of pan evaporation data. 
Percolation in PRZM-2 is based on the water-holding capacity of the soil profile. 
Excess water above field capacity (1/10-1/3 bar) drains to the next soil compartment. 
Percolation volumes are used to calculate an apparent velocity of water through each soil 
compartment. Drainage through the entire soil profile is assumed to take place during a day. 
Another option for low permeability soils where draining of the profile may take longer than 
a day (i.e., restricted drainage), is also provided. 
The chemical transport component of PRZM-2 calculates the pesticide uptake by 
plants, losses with surface runoff and sediment, degradation, volatilization, leaching below 
the root zone and soil core, foliar losses, advection, dispersion, and retardation. The 
chemical transport algorithm in PRZM-2 is an implicit finite-difference approximation to the 
one-dimensional advection-dispersion equation. To solve the chemical transport equations, 
PRZM-2 uses either the backward-difference implicit scheme that allows numerical 
dispersion or the method-of-characteristics (MOC) which accounts for advection and 
eliminates numerical dispersion at the expense of additional model execution time. 
Adsorption is calculated using an adsorption partitioning coefficient, Kj as input. PRZM-2 
utilizes a lumped, first-order decay constant for estimating degradation losses in the solid and 
dissolved phases, and another constant for losses in the vapor phase. The model allows the 
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use of different degradation rates for soil and foliar pesticide residues. The chemical 
algorithm can simulate pesticide application on the soil or on the growing plant canopy. 
Solution of the transport equation requires soil water content and velocity values throughout 
the soil profile at each time step. 
Simulation is on a daily time step, and mass balances of water and pesticide are 
maintained in "zones" or soil compartments of fmite depth, usually S cm. Model parameters 
can vary spatially in the vertical dimension only. The pesticide model is based on the 
assumptions of instantaneous, linear, reversible adsorption described by Kj, and first-order 
decay described by an overall decay rate, k. PRZM-2 can simulate multiple applications of 
one pesticide each year for many years of continuous climatic record. 
PRZM has undergone several modifîcations since the code was independently 
structured in 1984. It has been coupled as a root zone component in the RUSTIC model 
which was capable of simulating pesticide fate from the soil surface to ground water (Dean 
et al., 1989). The ground water module (SAFTMOD) was later removed from the RUSTIC 
code and so presently the code is called PRZM-2 which simulates upto the unsaturated zone 
(Mullins et al., 1993). 
Limitations of the current PRZM-2 model are: 
* it is unable to simulate macropore or preferential flow, 
* it cannot simulate artificial drainage, and 
* it cannot account for the effects of rainfall intensity. 
PRZM has been tested and validated on diverse locales and management scenarios and model 
predictions have been quite representative of the field situation (Donigian and Rao, 1990; 
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Pennell et al., 1990; Smith et al., 1991; Parrish et al., 1992). 
Ground Water Loading Effects of Agricultural Management Systems (GLEAMS) 
The GLEAMS model developed by Leonard et al. (1987) is an extension of the 
CREAMS model (Knisel, 1980) and includes hydrology, erosion/sediment yield, and 
pesticide solute modeling in the root zone. It retains the ability of CREAMS to simulate 
sophisticated management practice scenarios and adds detail to the transmission of water and 
chemicals to the bottom of the root zone. GLEAMS functions on a rotation basis instead of 
requiring the user to input repetitious data like PRZM-2. This facilitates longer simulations. 
GLEAMS can be used to provide comparative analysis of soil-pesticide-climate interactions. 
GLEAMS like PRZM-2 simulates both hydrology and chemistry and operates on a 
daily time step. The hydrology component uses daily precipitation inputs along with crop 
and soil characteristics to compute soil-water-balance in the root zone. Precipitation is 
partitioned between runoff and infiltration using a modification of the USDA, SCS curve 
number method (Williams and LaSeur, 1976). Surface runoff and eroded sediment with 
chemicals in both the dissolved and sorbed phases, can be routed overland, in channels, and 
through impoundments. Water in excess of storage is routed through the root zone and the 
total amount of percolation leaving the root zone is calculated. Computational soil layers 
(minimum of 3 and maximum of 12 with variable thickness based on effective rooting depth 
and horizon thicknesses) are used to route water and pesticides. The surface active layer is 
influenced by management and soil conditions. A 10 mm active zone at the soil surface is 
recommended to maintain sensitivity of runoff concentrations to soil concentrations. Soil 
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evaporation and plant transpiration are estimated using the modified Penman's equation 
(Ritchie, 1972). The erosion component uses MUSLE for storm-by-storm simulation of rill 
and interrill erosion in overland flow areas (Foster et al., 1980). 
Pesticide transport within the root zone in GLEAMS is modeled as advection with 
no dispersive flux component. Adsorption is calculated using the pesticide to organic carbon 
partitioning coefficient and pesticide degradation is calculated assuming flrst-order kinetics. 
Up to 10 pesticides can be simulated simultaneously along with their metabolites with 
multiple applications each year of any one or all pesticides. 
Daily rainfall volumes, crop and management parameters, intrinsic soil physical and 
chemical properties with depth, soil detachment and transport parameters, and pesticide 
properties are the required inputs. Output data include runoff, sediment, and percolation 
amounts plus pesticide masses in runoff, sediment, and percolation. The output can be 
obtained on a daily, monthly, or annual basis. 
Some limitations of the GLEAMS model are: 
* like PRZM-2, it does not simulate macropore or preferential flow, 
* volatilization is not explicitly represented, 
* it cannot simulate accurately the unsaturated zone, and 
* it also cannot account for the effects of rainfall intensity. 
GLEAMS does have a nutrient component ready to be linked, but it is not yet 
validated due to the lack of detailed data (Knisel, 1992). The component when integrated 
would include nitrogen flxation by legumes, land application of animal waste, distinction 
between ammonium and nitrate fertilizers and their uptake by crops, and improved nitrogen 
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and phosphorus cycling algorithms. 
Field Moisture Balance Model (FMBM) 
The FMBM model is a modified version of the Iowa State University Watershed 
Model (Anderson et al., 1978). Developed at Iowa State as part of a study of the hydrology 
of the loess hills of western Iowa, FMBM is a deterministic, fitted parameter type model, 
for which most of the parameters have a physical basis. The model requires the input of 
some parameters which are not available in published form for most watersheds. The model 
utilizes the modified Green-Ampt-Mein-Larson (GAML) function to simulate infiltration and 
an overland flow function to predict surface runoff. Surface soil moisture conditions, crop 
cover conditions, and a function for raindrop compaction and tillage effects on crust 
formation and surface storage are used to modify the infiltration and runoff function 
parameters (Anderson et al., 1983). 
The hydrologie components involved in the model are precipitation, interception, 
évapotranspiration, soil moisture redistribution, infiltration, deep percolation, and overland 
flow routing. The erosion component includes interrill erosion, rill erosion, and transport 
capacity concepts. PET can be computed either from the modified Penman equation or from 
pan evaporation and is then distributed throughout the day. PET includes an interception 
function, which treats the plant surfaces as a linear reservoir, with capacity and discharge 
dependent on the leaf area index, and divides the precipitation during each time interval into 
direct precipitation and drainage from interception. These two are added to the surface 
storage, and the infiltration depth is predicted for the period. When the surface storage 
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remaining after infiltration exceeds the maximum allowable depth, the excess is output as 
unrouted surface runoff. The infiltrating water is added to the soil moisture storage in the 
top layer, up to 80% of saturation, and any remainder passed immediately to the next lower 
layer. A one-dimensional Darcy equation is used to redistribute the soil moisture between 
layers according to the hydraulic gradient and conductivities. The important precipitation 
characteristics for FMBM are intensity and amount distributions with time. Rain gauge chart 
data, consisting of time and accumulated rainfall are used or the model can use breakpoint 
rainfall data to produce more realistic predictions of runoff and soil moisture. 
ET and infiltration are interrelated through the plant system since the amount of soil 
moisture stored in the root zone affects both the infiltration rate and the ET rate. ET rate 
is dependent upon seasonal changes in crop canopy and root system (Anderson, 1975). 
FMBM accounts for the three primary factors in the plant system development namely; the 
crop canopy, crop root system, and the fraction of the existing crop canopy which is actively 
transpiring. Deep percolation is calculated as the flow into the bottom layer which is 
maintained at field capacity. ET is calculated using an energy balance algorithm with the 
potential evaporation, which is distributed unevenly throughout the day. 
A vegetative factor, used to account for the effect of the plant root system on the 
surface layer, is modeled in FMBM as a linear function of the crop leaf area index (CLAI). 
The maximum potential surface storage volume is dependent on the surface topography of 
the field, tillage practices on the field, and soil surface conditions. Soil moisture below the 
simulated depth is assumed to remain at field capacity, and the upward movement of 
moisture from this layer due to the soil water potential gradient is allowed in the profile. 
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Limitations of the revised FMBM model are: 
absence of a macropore or preferential flow component, 
it lacks a comprehensive plant growth component, and 
it cannot simulate fluctuating water table. 
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MODEL DEVELOPMENT 
A desire to understand the fate and transport of agricultural chemicals prompted the 
development of several mathematical models such as PRZM, RUSTIC, GLEAMS, 
LEACHM etc. to serve as tools in the decision making process. However, most of these 
chemical or "fate and transport" models have simplified hydrology which often results in 
unrealistic output. On the other hand none of the currently available more mechanistic 
hydrologie models include the pesticide related functions. Thus a need was felt for a more 
comprehensive mathematical model capable of simulating the effects of different agricultural 
management practices on crop yield, and chemical (nutrient and pesticide) losses by surface 
runoff, sediment movement, and leaching below the root zone. 
Researchers (e.g., Donigian and Rao, 1990) have shown the need for model inter­
facing in order to improve upon the simulations to fully characterize the environmental 
system and meet the needs of the assessment. Keeping this in mind, an evaluation of 
available models indicate that the desired system could be developed by successfully coupling 
FMBM, a deterministic hydrologie model, with PRZM-2, a model oriented to chemical fate 
and transport. This combination of FMBM and PRZM-2 model will be referred to here as 
the Field Moisture Balance Water Quality (FMBWQ) model. Development of the FMBWQ 
model was accomplished by using FMBM as a building block and incorporating the chemical 
algorithms from the PRZM-2 (PRZM version 2.0) model. 
20 
Modifications made to FMBM 
The FMBM model (Anderson, 1989) was modified in order to develop the FMBWQ 
model. ModiAcations involved, (i) incorporating the PRZM-2 chemical-related subroutines 
into FMBM, and (ii) changing FMBM to become compatible to the PRZM-2 code. The 
enhancements made to the FMBM code are discussed in detail in the following sections. 
Incorporation of the Pesticide Subroutines 
To incorporate the PRZM-2 chemical algorithms into FMBM, a transitional 
subprogram (CHEMOD) was written. It was a modification of subroutine PRZM from the 
RUSTIC code which acted as a link between the adapted subroutines and the rest of the 
model. 
The main function of CHEMOD is to perform the chemical processes in a stepwise 
manner. It first calls a subroutine FARM to insure whether pesticide application is made 
during adequate soil moisture conditions and once the application is made, it keeps track of 
the pesticide fate in the root zone. In order to perform the soil temperature simulation it 
calls subprograms SLTEMP and KHCORR to correct the Henry's constant in order to 
account accurately for the volatilization losses. Velocity of percolating water in each 
compartment is accounted for, and the transport processes simulated. Various subprograms 
are called upon to compute the residual amount and fluxes of the pesticide in the core, total 
plant uptake, soil decay of the pesticide, and the pesticide loss in leaching, runoff and 
erosion. The units and format of the parameters required as input for the chemical 
algorithms are ensured to remain consistent. These include the soil profile parameters, soil 
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water content, and percolation from each compartment in the profile, surface runoff volume, 
sediment yield, evaporation from the soil, plant transpiration, and precipitation. 
The hydrologie components of the pesticide transport equations (for e.g. moisture 
content, soil-water velocities, erosion and runoff) are determined separately in FMBM. The 
resulting values, treated as constant for each specific time step, are then used as coefficients 
in a discretized numerical approximation of the chemical transport equation. The time step 
of the hydrologie component is dependent upon the precipitation data, but the chemical 
processes are simulated at the end of each day. 
FMBWQ Hydrology Component 
A brief discussion of the FMBWQ model hydrology is dealt with in this section with 
additional information available in Saxton (1972), Anderson (1975), Anderson et al. (1978), 
Shahghasemi (1980), Shahvar (1981), and Helmlinger (1986). The hydrologie components 
include precipitation, interception, infiltration, évapotranspiration, soil moisture 
redistribution, deep percolation, and overland fiow routing. The erosion components include 
interrill erosion, rill erosion, and transport capacity. A simple plant model is also included. 
The main model calls each process in its logical sequence, allows it to operate in a 
steady-state condition for an appropriate time period, and then updates the watershed 
conditions based on the results of that process (Helmlinger, 1986). Because moisture 
conditions change more slowly on a watershed between rainfall events, the main program 
varies the time period for each individual process depending on the occurrence of rainfall. 
The subprograms which underwent modifications are explained in detail in the following sections. 
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Precipitation 
The important precipitation characteristics for the moisture balance model are the 
intensity and amount distribution with time. The FMBM model could accept either 
breakpoint recording rain gauge data or US Weather Bureau hourly rainfall data as input. 
Breakpoints are a segmented description of the storm event such that when the segments are 
plotted, the volume under the resultant curve would equal the volume actually delivered by 
the storm. Breakpoint data refers to the rainfall data for each segment where a break in 
slope occurs. Having this flexibility in storm description allows the simulation program to 
better estimate infiltration and runoff amounts than it would from just daily or even hourly 
values (Dean et al., 1989). The breakpoint rainfall data is in a format developed at Purdue 
for the Black Creek watershed project in the 1960's. This is the most versatile of the 
precipitation data formats, since this data can be used to generate rainfall increments for time 
periods as short as one minute. For many areas, these data are not available, particularly 
during periods of snowfall. Therefore, FMBWQ was modified to accept daily rainfall depth 
as an input and convert it to 15-minute increments using the SCS Type II time distribution 
curve over a 24-hr period. Also, the model is now capable of handling any fixed time 
increment precipitation record. A snow accumulation and melt algorithm was added to 
handle cold weather precipitation. 
Infiltration 
There are two versions of the model with two different infiltration routines namely 
the Holtan's function and the modified Green-Ampt-Mein-Larson (GAML) function. In the 
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present version of the model, simulation runs were made using the GAML function. The 
routine was modifîed to account for horizons and compartments in the soil profile in order 
to be compatible with the PRZM-2 code. Previously the model simulated 15-cm thick layers 
up to ISO-cm deep core, but now the inclusion of horizons and their subdivision into 
compartments gives more flexibility plus requires less data input. Formation of crust and 
it's effect on the infiltration process is also considered. 
The GAML function requires the determination of rainfall kinetic energy to account 
for the effects of tillage. It uses the equation presented by Wischmeier and Smith (1978) 
from the Universal Soil Loss Equation (Anderson, 1978) and goes on to calculate the rainfall 
energy factor (REF) which is then used to adjust the value of average hydraulic conductivity 
for the profile from the surface to the wetting front to account for the effects of surface 
crusting. The equations used to calculate the rainfall energy factor and infiltration from the 
GAML function are: 
REF = RMIN +  ( 1 . 0  -  RMIN) * EXP{-EEXP*SRKE) (1) 
1 + ^8 
F, 
( 2 )  
( | .  c n )  
2 
^ 2K AO All; (3) 
where RMIN - minimum value of the rainfall energy factor, 
EEXP - exponent on the energy factor equation, 
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SRKE - sum of the rainfall kinetic energy, 
CFi - cumulative infiltration behind the wetting front above the initial moisture 
content at the beginning of the calculation period (mm), 
A\p - potential difference across the wetting front (mm), 
Ad - change in volumetric moisture content across the wetting front, 
K - average saturated hydraulic conductivity behind the wetting front (mm h"'), 
t - length of the time increment (hours), and 
F; - total amount of infiltration behind the wetting front above the initial moisture 
content at the end of the calculating period (mm). 
The movement of the wetting front in the profîle is predicted and the infiltration estimated 
during the period. The time and depth of ponding is accounted for, and the amount of 
infiltration due to ponding calculated. Allowance is given for the buildup of a water table 
due to infiltration whose rate is not allowed to exceed the average saturated hydraulic 
conductivity. The soil moisture is updated in the layers due to infiltration and the amount 
of deep percolation estimated. The rise in water table calculates an addition to the surface 
ponding caused by a potential rise in the water table to the surface. The GAML equation 
used in this version of the model utilizes a quadratic function which can be solved directly 
using the quadratic equation (3). 
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Plant System Development 
Infiltration and évapotranspiration are interrelated through the plant system, since the 
amount of soil moisture stored in the root zone affects both the infiltration rate and the 
évapotranspiration rate. In addition, the évapotranspiration rate is dependent upon seasonal 
changes in crop canopy and root system (Anderson, 1975). The plant growth function used 
for com in the plant subroutine can be found in Helmlinger (1986). 
The three factors of primary importance to the moisture balance model are crop 
canopy or leaf area development, crop root system development, and the fraction of the 
existing crop canopy which is actively transpiring. In this version, a crop height function 
and plant weight function based on the crop leaf area index and leaf density were added for 
use in computing soil temperature in the chemical algorithm. The plant model is a fixed 
model which does not respond to any external stimuli. It uses the day of the year as the only 
input variable. The plant subroutine (PLANT) is called at the beginning of each day and all 
plant system parameters are determined for that day. 
Soil Moisture Redistribution 
The soil moisture redistribution subroutine handles the redistribution of moisture 
according to potential gradients. Information on the saturation moisture content (percent by 
volume), the relationship between soil matric potential and soil moisture content, and the 
relationship between unsaturated hydraulic conductivity and soil moisture content for each 
layer is a required input for the model. 
After the initialization process, the routine determines the subsoil condition. If tile 
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drainage is to be simulated, the subsoil is forced to go saturation, otherwise the environment 
is allowed to influence the system to reflect average conditions over the past 14 days. An 
iterative procedure then starts calculations for soil moisture movement due to gradients 
caused by infiltration and évapotranspiration. It then computes the matric potential and the 
unsaturated hydraulic conductivity for each layer. A one-dimensional Darcy equation is then 
used to calculate the redistribution of soil moisture based on the hydraulic gradient and the 
average unsaturated hydraulic conductivity between adjacent layers. The soil moisture values 
in each layer are then updated due to redistribution during this time period. Each layer is 
allowed to accumulate moisture during the wetting process until the moisture content at 
which free drainage to lower layers is reached. Any moisture movement to or from the 
subsoil layer is included in deep percolation. If the layer below is saturated, the water table 
starts building up. Any extra moisture above saturation in the layer will be forced into the 
next higher layer, clear to the surface and adds to the surface depressional storage. 
Provision is made for outflow from the tile drains. The horizon underlying the drain 
is treated as the confining layer with extremely low saturated hydraulic conductivity. The 
tile drain function adapted in the current version, is a simplified form of the linear reservoir 
model. If the water table is at or above the tiled layer, then the tile outflow is computed as 
well as the resulting lowering of the water table. 
FMBWQ Chemistry Component 
The chemical algorithms of the PRZM-2 model were adopted to integrate with the 
hydrology of FMBM. The chemical transport component can simulate pesticide application 
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on the soil or on the plant foliage. Dissolved, adsorbed, and vapor-phase concentrations in 
the soil are estimated by simultaneously considering the processes of pesticide uptake by 
plants, losses in surface runoff and erosion, decay, volatilization, foliar washoff, leaching, 
advection, dispersion, and retardation. Two options are available to solve the transport 
equations namely; (1) the original backwards-difference implicit scheme that may be affected 
by successive numerical dispersion at high Peclet numbers; and (2) the 'method of 
characteristics' algorithm which eliminates numerical dispersion at the expense of increased 
model execution time. 
The mathematical description of the processes simulated by PRZM-2 are broken down 
into three categories in the following discussion, namely: 
* Transport in soil, 
* Soil erosion, and 
* Volatilization 
The numerical solution techniques employed in solving the mathematical expressions for the 
above three processes are discussed in detail in the following sections. 
Transport in Soil 
A conceptual, compartmentalized representation of the soil profile forms the basis of 
the transport equation in the PRZM code (Fig. 1). From Fig. 1 the surface zone mass 
balance expressions for each of the dissolved, adsorbed, and vapor phases can be written as: 
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Fig. 1 Schematic representation of a single chemical in a soil layer (taken from PRZM-2 Manual, Mullins et al. 1993) 
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6t = JD ~ Jy '^DW ~ '^OR  ^ '^APP •*" '^FOF  ^ '^TRN ) 
A Lz  h  {Cg Pg) 
ôt J^DS ~ *^ER 
( 5 )  
A Az  6  (Cg a )  
Ô t - «^ao '^DQ ( 6 )  
: A - cross-sectional area of the soil column (cm^), 
Az - depth dimension of a compartment (cm), 
Cw - dissolved concentration of the pesticide (g cm '), 
C, - sorbed concentration of the pesticide (g '), 
Cg - gaseous concentration of the pesticide (g cm"'), 
6 - volumetric water content of soil (cm' cm '), 
a - volumetric air content of soil (cm' cm '), 
p, - bulk density of soil (g cm '), 
Jj, - represents the effect of diffusion and dispersion of dissolved phase (g day'), 
Jy - represents the effect of advection of dissolved phase (g day'), 
Jqd - represents the effect of dispersion and diffusion in vapor phase (g day'), 
Jdw - mass loss due to degradation in the dissolved phase (g day'), 
Jdo - mass loss due to degradation in the vapor phase (g day'), 
Ju - mass loss due to plant uptake of dissolved phase (g day'), 
Jqr - mass loss by removal in runoff (g day'), 
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Jb r  - pesticide mass loss with eroded sediments (g da/^), 
Japp - mass gain due to pesticide deposition on the soil surface (g day'), 
JpoF - mass gain due to washoff from plants to soil (g day'), 
Jd s  - mass loss due to degradation of sorbed phase chemical (g day'), 
Jtkn - mass gain or loss due to parent/daughter transformations, and 
t - time (d) 
Equations for the subsurface zones are identical to Equations (4), (5), and (6) except 
that Jqr, JpoF, and Jer are not included, as shown in Fig. 1. J^pp applies to subsurface zones 
only when the pesticides are incorporated into the soil. Below the root zone in the sub­
surface horizon, the term Ju is also not included. 
The terms representing phase transfers (e.g., volatilization) are neglected in Equations 
(4) through (6) because they cancel out when the equations are added. 
An explanation for each term in Equation (4) through (6) now follows. Pick's law 
describes the dispersion and diffusion processes combined in the dissolved phase as 
ÏP ' ' 
where: - diffusion-dispersion coefficient for the dissolved phase, assumed constant (cm^ 
day'), and 
z - soil depth dimension (cm). 
Similarly, the Pick's law is used to describe the dispersion and diffusion in the vapor 
phase as 
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(8, 
OZ 
where: Dg - molecular diffusivity of the pesticide in the air-filled pore space (cm^ day"'). 
The dependence of the molecular diffusivity of the pesticide in air-filled pore space 
on the volumetric air content can be defined using the Millington-Quirk expression (Jury et 
al., 1983a) 
a 10/3 
D, - ^D, (9) 
where: a - air-filled porosity (cm' cm"'), 
$ - total porosity (cm' cm '), and 
D, - molecular diffusivity of the chemical in air, assumed constant (cm^ day'). 
The movement of the pesticide in the bulk flow field can be described by the advective term 
for the dissolved phase, Jy as 
. (10) 
O Z  
where: V - velocity of water movement (cm day '). 
The transport equation does not include the vapor-phase advection, since it is 
considered insignificant by a number of researchers for modeling chemical migration in 
agricultural situations (Mullins et al., 1993). Degradation of a pesticide in or on soil may 
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be due to such processes as hydrolysis, photolysis, and microbial decay. The rate 
coefficients may be combined into a single decay coefficient if these processes follow pseudo 
first-order kinetics. Assuming the same rate constants for the solid and dissolved phases, 
the rate of change of chemical out of each phase due to decomposition may be written as 
JDv,= K^C„^A^z (11) 
JDS = tiz (12) 
Joa Kg Cg a A tiZ ( 1 3 )  
where: K, - first-order decay constant for solid and dissolved phases (day"'), and 
Kg - first-order decay constant for vapor phase (day'). 
Assuming that uptake of pesticide by a plant is directly related to the transpiration 
rate, plant uptake can be modeled using 
J-y =  f  C „ Q  e  A  ^ z  ( 1 4 )  
where: - uptake of pesticide (g day '), 
f - fraction of total water in the zone used for transpiration (day'), and 
e - an uptake efficiency factor or reflectance coefficient (dimensionless). 
The erosion and runoff losses as well as inputs to the surface zone from foliar 
washoff are considered only from the surface layer. The pesticide loss in runoff is computed 
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(15) 
where: Jqr - pesticide loss due to runoff (g day'), 
Q - daily runoff volume (cm^ day"'). 
Aw -watershed area (cm^), 
and in erosion by 
Jer =  ^  ^  ^ (16) 
where: X, - the erosion sediment loss (metric tons day'), 
r^m - the enrichment ratio for organic matter (g'), and 
p - a units conversion factor (g tons '). 
Pesticides can be applied to either bare soil if pre-plant conditions prevail or to a full 
or developing crop canopy if post-plant treatments are desired. The pesticide application is 
an input mass rate which is calculated by one of the application/deposition models. It is 
partitioned between the plant canopy and the soil surface, and the rate at which it reaches 
the soil surface is designated as J^pp (Mullins et al., 1993). 
Rainfall washoff transports the pesticides from the plant canopy to the soil surface 
(Mullins et al., 1993). This term, Jpop, is defined as 
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JpoF = E Pj. M A ( 1 7 )  
where: E - foliar extraction coefficient (cm '), 
P, - daily rainfall depth (cm day'), and 
M - mass of the pesticide on the plant surface projected on area basis (g cm'^). 
The foliar pesticide mass, M, is further subject to degradation and losses through 
volatilization. Its rate of change is given by 
where: Kf - lumped first-order foliar degradation constant (day'), 
Ap - application rate to the plant (g ha' day'), and 
b - a units conversion factor (ha). 
The assumption made in Equations (4) through (6), is that adsorption and desorption 
are instantaneous, linear, and reversible processes using which, the sorbed phase 
concentration can be related to the dissolved-phase concentration as 
dM 
dt 
-  K,  M -  ^  + A^b (18) 
Cn, ( 1 9 )  
where: Kj - partition coefficient between the dissolved and solid phases (cm' g '). 
The vapor phase concentration can be similarly expressed in terms of the dissolved-
phase concentration as: 
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Cg = (20) 
where: K» - Henry's constant, i.e., the distribution-coefficient between liquid phase and 
vapor phase (cm' cm"'). 
The transformation of parent to daughter or degradation product is assumed to be first 
order and takes place according to 
where; Ktrn - the transformation rate constant (day"'). 
When simulating an end-of-chain daughter, Jtrn may also be a source term equal to the sum 
of the first-order transfers from any and all parents in which the superscript k denotes a 
parent compound (Mullins et al., 1993). 
For intermediate products, the solute transport equation may contain terms such as those 
shown in both Equations (21) and (22). The transformation of parent to daughter compounds 
can be found in detail in Mullins et al. (1993). 
The above expression for the pesticide mass balance in the uppermost soil layer is 
obtained by summing Equations (4), (5), and (6) and utilizing (19) and (20). Equation (23) 
is solved in PRZM for the surface layer with iB = 0, and an upper boundary condition 
(21) 
'^TRU ~ 22 ^ ® ( 2 2 )  k 
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k 
which allows vapor phase flux upward from the soil surface to the overlying air. The 
volatilization section discusses in detail the upper boundary condition. The lower boundary 
condition is one which allows advection, but no diffusion, out of the bottom of the soil 
profile (Mullins et al., 1993). 
Soil Erosion 
Soil erosion is computed in FMBM utilizing the Yalin's equation. Detailed 
description of the process can be found in Shahghasemi (1980). However, the enrichment 
ratio, r^m, is the remaining term which needs to be defined to estimate the removal of sorbed 
pesticides by erosion. Because erosion is a selective process during runoff events, eroded 
sediments become "enriched" in smaller particles. A rather empirical approach (Mockus, 
1972) is being adopted to calculate the enrichment ratio for organic matter. 
( 2 4 )  
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Volatilization 
The following key processes have been identified as important in the volatilization 
algorithms to simulate the vapor-phase pesticide transport within the soil/plant compartments: 
* vapor-phase movement of the pesticide in the soil profile, 
* boundary layer transfer at the soil-air interface, 
* vertical diffusion of pesticide vapor within the plant canopy, 
* pesticide mass transfer between the leaves and the surrounding atmosphere, and 
* soil temperature effects on pesticide volatilization. 
Discussion of the volatilization algorithms follows in four parts: influence of vapor phase 
pesticide in soil and volatilization flux, volatilization flux through the plant canopy, 
volatilization flux from plant surfaces, and soil temperature modeling and effects. A 
schematic of the pesticide vapor and volatilization processes considered in soil and plant 
compartments is provided in Figure 2. 
Soil vapor phase and volatilization flux 
The upper boundary of PRZM-2 was changed from a zero-concentration boundary 
to a stagnant-layer boundary to allow diffusive transport upward from the soil to the 
overlying atmosphere (Mullins et al., 1993). This is discussed in detail below: 
Surface boundary condition - When a pesticide is incorporated into the soil, the initial 
volatilization rate is a function of the vapor pressure of the chemical at the surface as 
modifled by adsorptive interactions with the soil. As the concentration at the surface of the 
soil changes, volatilization becomes more dependent on the rate of movement of the pesticide 
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to the soil surface (Jury et al., 1983b). The soil surface layer can be visualized as a 
membrane which only allows water to pass through and keeps the solute behind. 
Experimental results show that within the top centimeter of the soil surface, the pesticide 
concentration can increase as much as 10-fold due to the accumulation of chemical at the 
surface layer, resulting in higher vapor density (Mullins et al., 1993). 
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Fig. 2 Schematic of pesticide vapor and volatilization processes (taken from the PRZM-2 
Manual, Mullins et al., 1993) 
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In order to describe these phenomena, Jury et al. (1983a, 1983b) proposed a 
boundary layer model which states that the controlling mechanism for pesticide volatilization 
is molecular diffusion through the stagnant surface boundary layer. 
The pesticide volatilization flux from the soil profile is estimated as 
( 2 5 )  
where: J, - volatilization flux from soil (g day"'), 
D, - molecular diffusivity of the chemical in air (cm^ day '), 
A - cross-sectional area of soil column (cm^), 
d - thickness of stagnant air boundary layer (cm), 
Cg,i - vapor-phase concentration in the surface soil layer (g cm"'), and 
C'g d - vapor-phase concentration above the stagnant air boundary layer (g cm'^). 
The thickness of the stagnant boundary layer can be estimated using a water vapor 
transport approach (Jury et al., 1983a). However, Wagenet and Biggar (1987) assumed a 
constant value of 5 mm for this thickness, which is consistent with the values estimated by 
Jury and Valentine (1986). The value of C*g,, can take on a value of zero if the soil surface 
is bare or can be positive if a plant canopy exists. 
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Volatilization flux through the plant canopy 
The pesticide volatilization flux can be computed by Pick's first law of diffusion as 
where: J^(Z) - pesticide flux at height Z (g m ^ s'), 
(dP/dZ) - pesticide concentration gradient (g m"^), and 
KJZ) - the vertical diffusivity at height Z (m^ s"'). 
The value of K,, depends on the turbulent flow of the atmosphere into which the pesticide 
vapor is dissipated. Therefore, it is a function of the prevailing meteorological conditions 
and not of any physical or chemical property of the pesticide (Mullins et al., 1993). 
In order to apply these concepts, pesticide concentrations at two or more heights are 
required to estimate the pesticide gradient and the subsequent flux. The above calls for 
intensive data requirement which can be bypassed using the following approaches. First, a 
relationship for is derived as a function of height within the canopy. Then only the 
pesticide concentration gradient is required to be known in order to compute the pesticide 
volatilization flux. 
Estimation of Kf(Z) - at various heights within the plant canopy can be computed using 
the following formulae given by Mehlenbacher and Whitfield (1977): 
J,(Z) = - K^(Z)  [ •§ )  ( 2 6 )  
( 2 7 )  
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u* k - 2) ( 2 8 )  
U* = k U. CH 
In [zcH - (**) 
( 2 9 )  
where: KJZ) - thermal eddy diffusivity at height Z (m^ s'^), 
Kz(ZcH) - thermal eddy diffusivity at canopy height (m^ s '), 
ZcH - canopy height (m), 
Zo - roughness length (m), 
D - zero plane displacement height (m), 
k - von karman's constant, 0.41, 
U* - friction velocity (m s"'), 
- stability function for sensible heat, 
- integrated momentum stability parameter as a function of 
- stability function for momentum, and 
Uch - wind velocity at the canopy height (m s '). 
The canopy height is used as a reference height for calculating U* in agricultural 
applications (Mullins et al., 1993). The wind speed at the canopy height (Uch) is computed 
based on the logarithm law defined as 
^CH 
^measured 
In ZcH ~ -0 
In 
7 _ 
^measured n 
^0 
( 3 0 )  
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The friction velocity U* can be visualized as a characteristic of the flow regime in the plant 
canopy compartment which is governed by the logarithmic velocity distribution law. As 
shown in Equation (27), U* is calculated as a function of Uch, Zch, Zg, D, and The 
values for both and D can be estimated using the equations presented by Thibodeaux 
(1979). For very short crops (lawns, for example), adequately describes the total 
roughness length, and little adjustment of the zero plane is necessary (i.e., D = 0). D is 
assumed to be zero in the current code when Zch is less than S cm. For tall crops, Z^ is 
related to the canopy height (Z^i) by the expression 
logZg =  0 . 9 9 7  logZcu -  0 . 8 8 3  ( 3 1 )  
In tall crops, Z^ is no longer adequate to describe the total roughness length, and a value of 
D, the zero plane displacement, is needed. For a wide range of crops and heights, 0.02 m 
< ZcH < 25 m, the following equation for D has been presented by Stanhill (1969): 
loge = 0.9793 logZcH -  0 . 1 5 3 6  ( 3 2 )  
With estimates of Z^ and D, U* (friction velocity) can be estimated if the values of the 
stability parameters (^^ and are known. These two variables are closely related to Ri, 
the Richardson number, which is a measure of the rate of conversion of convective 
turbulence to mechanical turbulence and is defined as given by Wark and Warner (1976) 
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Ri 
_ô£\2 
àz 
( 3 3 )  
where: g - acceleration due to gravity (m sec"^), 
T - potential temperature (°K), 
Z - elevation (m), and 
U - wind velocity (m s '). 
Potential temperature is defined as the temperature which a parcel of dry air would 
acquire if brought adiabatically from its initial pressure to a saturated pressure of 1000 
millibars (Perkins 1974). The sign of Ri indicates the atmospheric condition, and its 
magnitude reflects the degree of the influence. There are several different formulae for 
relating Ri to the atmospheric stability parameters; for these purposes, the sign of Ri is more 
important than its magnitude. When Ri is larger than 0.003, the atmosphere exhibits little 
vertical mixing, reflecting stable conditions; when the absolute value of Ri, | Ri |, is less than 
0.003, neutral stability conditions exist (Oliver 1971); and when Ri is less than -0.003, 
convective mixing becomes dominant and atmospheric conditions are unstable (Mullins et 
al., 1993). 
The following formulas have been proposed by Thorn et al. (1975) based on the work 
by Dyer (1974) and Dyer and Hicks (1970) to relate the atmospheric stability parameters to 
the Richardson number; 
For stable conditions 
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4)6 = = 1 + 5 ' ZKj ( 3 4 )  
For unstable conditions 
= ( 1 - IGKj)-!/: ( 3 5 )  
For neutral conditions 
= 1 ( 3 6 )  
Volatilization flux from plant surfaces 
For organophosphate insecticides, Stamper et al. (1979) has shown that the 
disappearance rates from leaf surfaces can be estimated by a logarithmic or a first-order 
kinetics approach. The plant leaf volatilization flux can be estimated as follows: 
where: Jp, - volatilization flux from the leaf (g cm'^ day '), 
M - foliar pesticide mass (g cm^), and 
Kf - first-order volatilization rate (day'). 
This version employs the first-order kinetics approach to calculate volatilization flux 
from plant leaf surfaces. 
Jpi = M K, ( 3 7 )  
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Average pesticide concentration in plant canopy 
Volatilization flux from plant leaves (Jp,) will exist only after pesticide application to 
the plant foliage has been specified in the model input. When a plant canopy exists, the 
average concentration in the air within the plant canopy can be estimated as 
where: C,' - average concentration in the air between the ground surface and the plant 
canopy height (g cm'^), and 
ERq.s - canopy resistance from half canopy height to the top of the canopy. 
Equation (38) then calculates the mean plant compartment pesticide concentration as the 
concentration at one-half of the canopy height. This approach assumes a linear concentration 
gradient from ground surface to canopy height (Mullins et al., 1993). 
Soi! temperature simulation 
Soil temperature is modeled in PRZM-2 to correct the Henry's law constant, K», for 
temperature effects. Soil surface configuration and plant residue cover, both affected by 
tillage, have significant impact on the soil heat flux and, therefore, soil temperature. The 
objective of the soil temperature model is to provide a scientifically sound and usable 
c; = ( j p c  + jpi) Ei?o.5 (38)  
(39)  
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approach; (i) to predict with reasonable accuracy the daily average soil temperatures at the 
soil surface and in and below the root zone, utilizing the basic soil physical and thermal 
properties, and daily climatic measurements taken at weather stations; and (ii) to allow 
consideration of the residue, canopy, and tillage effects on soil temperature. 
Existing soil temperature models fall in two categories; (i) process-oriented models, 
which require detailed information on soil and surface characteristics, initial and boundary 
conditions and inputs, and (ii) semi- or non-process-oriented models, which often utilize 
weather station information and soil temperature information at one depth to develop 
empirical relationships. 
The two primary components for both models are the estimation of soil surface (or 
upper boundary) temperatures and soil profile temperatures utilizing the calculated or 
estimated surface temperature as the upper boundary condition. Many researchers (van 
Bavel and Hillel, 1975, 1976; Gupta et al., 1981; Wagenet and Hutson, 1987; Hanks et al., 
1971) have come up with models for soil temperature simulation. The model used in 
PRZM-2 is derived from a combination of the work by van Bavel and Hillel (1976) and 
Thibodeaux (1979) for estimating the soil surface/upper boundary temperature (Mullins et 
al., 1993). 
Estimating upper boundary temperature 
The energy balance procedure used in PRZM-2 to estimate the soil surface 
temperature may be described as 
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R„ -  -  LEg -  Gg = ATH (40)  
where: R„ - net radiation (positive downward), 
H, - sensible air heat flux (positive upward), 
LE, - latent heat flux (positive upward), 
G, - soil heat flux (positive downward), and 
ATH - change in thermal energy storage in the thin soil layer (cal cm'^ day '). 
The term ATH is evaluated from the following expression 
ATH = ( Pg d ) 8 ( Tj+i - ) (41) 
where: Pb - bulk density of the soil (g cm"'), 
d - thickness of a thin, surface soil layer (cm), 
s - specific heat capacity of soil (cal g ' °C''), and 
T;, T;+, - representative temperature for the surface layer at two consecutive time 
steps and can be represented as the average of temperatures at the top and bottom of 
the soil layers. 
For evaluating the heat exchange across the air/soil interface, the thickness, d, can be set to 
a small value so that ATH may be neglected. As a result, the right side of Equation (40) can 
be set equal to zero. Net radiation flux at any surface can be represented as 
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Rn = - ^gjr) + " R la ^lar' ( 4 2 )  
where: - net radiation flux (cal cm'^ day'), 
R, - incident short-wave solar radiation (cal cm"^ day'), 
R„ - reflected short-wave solar radiation (cal cm'^ day'), 
R,, - incident long-wave atmospheric radiation (cal cm'^ day'), 
Ri„ - reflected long-wave atmospheric radiation (cal cm"^ day'), and 
Rj, - long-wave radiation emitted by the soil (cal cm"^ day"'). 
The terms R, and R„ include both direct and diffuse short-wave radiation, and are related as 
=  a  R s  ( 4 3 )  
where: a - surface albedo (dimensionless). 
Therefore, the short-wave radiation component of the energy balance is 
Rs 'Rsi = (1 - a) (44) 
The incident short-wave radiation can either be measured directly using pyranometers or else 
calculated using a variety of available empirical relationships or nomographs (Mullins et al., 
1993). The albedo of a canopy-covered land surface can be estimated as 
a ( t )  =  C ( t )  +  ( 1  -  C ( t ) )  ( 4 5 )  
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where: a(t) - albedo on day t, 
«c - albedo of canopy cover (0.23 for vegetation), 
C(t) - canopy cover on day t (fraction), and 
a, - albedo of soil surface (dimensionless). 
Since the albedo of any soil surface changes with the soil surface condition, it is defined in 
the model as 12 monthly values corresponding to the first day of each month; the albedo 
value for each day is then interpolated between the neighboring monthly values. For snow 
cover less than 5 mm, the surface albedo is estimated using Equation (45), and for snow 
cover above 5 mm, the surface albedo is set equal to the snow albedo value (0.80). 
The incident long-wave atmospheric radiation, R,„ is represented as 
=  ©a  «  r j  (46 )  
where: e, - emissivity of the atmosphere (dimensionless), 
a - the Stefan-Boltzmann constant (11.7*10® cal cm"^ day '), and 
T, - the air temperature (°K). 
The emissivity of the atmosphere varies from a low of 0.7 to almost unity and is computed 
using the Swinbank's formula (Mullins et al., 1993) 
eg  =  0 .936*10"® r |  (47 )  
The reflected long-wave radiation, R,„, is expressed as 
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Rxar = Rla ^ " Y) (48) 
where: y - reflectivity of the surface for long-wave radiation (dimensionless). 
The resulting net atmospheric long-wave radiation component may be written as 
^la - ^lar = #1,(1 - Y) = 0.936*10-5 r| o (l - y) (49) 
Ris = a Tt ( 5 0 )  
where: e, - infrared emissivity of soil (dimensionless), and 
T, - soil surface temperature (°K). 
Combining the radiation components from Equations (41), (46), and (47), the net radiation 
flux is calculated as 
R„ = Rg {1 -  a) + 0 .936*10-5  a tI - Bg a rj (51) 
and the evaporative heat flux, LE„ is estimated using 
~  V "  ^  P w  ( 5 2 )  
where: n - latent heat of vaporization/unit quantity of water (580.0 cal g"'), 
E - evaporation rate (cm day '), and 
Pw - density of water (1.0 g cm"'). 
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The sensible air heat flux, H„ is given by the expression 
= P, Cp, h (T, - r,) (53) 
where: p, - air density (g cm"') = (-0.0042 T, + 1.292)10"', 
Cp, - specific heat of air at constant pressure (0.2402 cal g"' °K"'), 
h - heat transfer coefficient at air-soil interface (cm day"*), and 
T, - air temperature (°C). 
The air density is computed using the daily air temperature in a simple linear 
correlation developed from data in Thibodeaux (1979). The heat transfer coefficient is given 
where: K, - von karman's number (0.41), 
Vz - wind velocity (cm day"'), 
Z rh - reference height at which V, is measured (m), 
D - zero plane displacement (m), and 
Zo - roughness height (m). 
From the fundamental equation of heat conduction, the soil heat flux, G„ is 
by 
( 5 4 )  
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G» " (r. -T,) ( 5 5 )  
where: T, - temperature of the soil at bottom of layer 1 (°K), 
T, - soil surface temperature (°K), 
X, - thermal conductivity of layer 1 (cal cm ' day ' °K '), and 
Di - thickness of layer 1 (cm). 
Equation (56) is the result of substituting Equations 49, 50, and 51 into 38. 
The value of T, at each time step is estimated by solving Equation (56) using an iterative 
solution based on the Newton-Raphson method. The initial estimate of soil surface 
temperature is taken to be equal to the measured air temperature, and R^, LE„ H„ and G, 
are calculated as explained before. The value for T^ is obtained from the previous time step. 
These calculations are repeated until the difference between the two consecutive estimates 
for soil surface temperature is less than the convergence criteria (set to 0.1 °C) (Mullins et 
al., 1993). 
( 5 6 )  
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Simulation of heat flow through soil profile 
The soil temperature model is based on the one-dimensional partial differential 
equation describing heat flow in soils 
Sr 
ôt 
à 
bz 
bT 
bz 
( 5 7 )  
where: d - thermal diffusivity of the soil layer (cm^ day ') ( = X/C), and 
X - thermal conductivity of the soil layer (cal cm"' day' °C''). 
Temperature effect - Streile (1984) developed an equation to correct the Henry's constant 
for temperature effects 
K„{T) = exp 
R 
( 5 8 )  
where: Kh,i - Henry's constant at the reference temperature Tj, and 
AH\p - partial molar enthalpy of vaporization from the solution (J mole"'). 
Numerical Solution Techniques 
PRZM-2 allows the use of variable compartment sizes so that each soil horizon can 
use a different compartment depth, however the compartment size within a given horizon 
remains constant. This capability allows use of smaller depths in the surface horizon for 
better simulation of surface processes, and larger depths in the lower horizons to minimize 
model execution time. 
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Chemical transport equations 
As previously noted, the calculations for moisture contents, air contents, pore water 
velocities, erosion, and runoff are decoupled from, and solved in advance of the transport 
equation in the hydrologie module of FMBM. The resulting values, treated as constant for 
each specific time step, are then used in the numerical solution of the second-order partial 
differential equation. 
The discretized chemical transport equation can be solved using either: 
* a backward-difference, implicit scheme for all chemical transport processes, or 
* a method of characteristics (MOC) algorithm which simulates diffusion, decay, 
erosion, runoff, and uptake by the backward-difference technique, but uses the method of 
characteristics approach to simulate advective transport. 
Identical discretizations and initial and boundary conditions are used with both the 
numerical solution techniques. For boundary conditions at the base of the soil column, the 
numerical technique utilizes 
Qj.i - Cw, Qj ^ Q (59) 
Az 
in which the subscript "i" refers to the soil compartment numbers. This condition 
corresponds to a zero concentration gradient at the bottom of the soil profile (Mullins et ai., 
1993). 
In the backwards-difference solution algorithm, numerical dispersion usually 
dominated the physical dispersion, and so to minimize its effect in systems having high 
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Peclet numbers, a method of characteristics solution was added. This avoids the backwards-
difference approximation for the advection term and the associated numerical dispersion by 
decomposing the governing transport equation. In advection-dominated systems, as the 
dispersion term becomes small with respect to the advection term, the advection-dispersion 
equation approaches a hyperbolic equation. 
In the new explicit advection algorithm, in addition to the fixed grid system, a set of 
moving points is introduced. These points can be visualized as carrying the chemical mass 
contained within a small region in space surrounding the point. Initially, these points are 
uniformly distributed throughout the flow domain. At each time interval, these moving 
points are redistributed according to the local solute velocity in each compartment. New 
points may enter the top of the flow domain, while old points may move out of the bottom. 
When the moving points are transported in horizons where the compartment size is larger 
and numerical resolution is less, the points may be consolidated to conserve computational 
effort. After the new locations have been assigned to each point, the average concentration 
in each compartment is computed based on the number and mass carried by the points 
contained within the compartment at that time. This temporary average concentration is 
returned to the main program, and a subroutine which assembles the terms in the transport 
equation (without advection) is called. Changes in concentration due to all other fate and 
transport processes (diffusion, decay, sources, etc.) are calculated for each compartment 
exactly as in the original version of PRZM. These values are then returned to the main 
program, and one transport step is complete. 
When the MOC algorithm is called during the next time step, the exact location of 
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each moving point has been saved. The first task is to update the masses carried by each 
moving point using the changes calculated during the last time step. Increase in mass are 
simply added equally to each point in the compartment, while decreases are weighted by the 
actual value at each point before subtraction to avoid simulating negative masses. The 
updated moving points are then relocated and the two-step process is repeated again until the 
end of the simulation (Mullins et al., 1993). 
Under some extreme conditions (e.g. high rainfall on soils with very low field 
capacity values), mass balance problems can occur when advective transport is simulated by 
means of the MOC option. The mass balance errors are related to the generation of 
extremely high velocities. Because a daily time step is used, high velocities can cause the 
moving points used in the MOC option to pass through several soil horizons without the 
properties of those horizons being considered. If significant chemical mass is in the soil 
column when the high velocities occur, mass balance problems can result. Hence, the user 
has to switch back to backwards-difference option if unacceptable mass balance errors are 
noted (Mullins et al., 1993). 
Volatilization 
The model states that the controlling mechanism for pesticide volatilization is 
molecular diffusion through the stagnant surface boundary layer. The volatilization flux 
from the soil profile can be estimated as 
J i  =  (60 )  
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where: J, - volatilization flux from soil (g day '), 
D, - molecular diffusivity of the chemical in air (cm^ day '), 
Cg.i - vapor-phase concentration in the surface soil layer (g cm"'), 
Cg.d* - vapor-phase concentration above the stagnant air boundary layer (=0, for the 
no-canopy field condition) (g cm'^), and 
d - thickness of stagnant air boundary layer (cm). 
Figure 3a is a schematic of the top two soil layers and the stagnant surface boundary 
layer when no plant canopy exists. Zero concentration is assumed for C^d under the no-
canopy field condition. For the uppermost soil compartment, the mass balance component 
can be written as 
^ A (a^c,,.) . ac,- c,,, - c,,, (6i) 
where: Dg - molecular diffusivity of pesticide in air filled pore space (cm^ day '), 
V - volume of the compartment (cm'), 
A - area of the compartment (cm^), 
a - volumetric air content (cm' cm '), and 
Kg - first-order reaction rate constant (day '). 
The first term of the right-hand side of Equation (61) represents the gas diffusive flux 
into the surface soil layer, and the second term denotes the gas diffusive output as governed 
by the stagnant boundary layer above the soil surface. By using backward implicit finite 
differencing, the following is derived 
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Fig. 3 Schematic of the top two soil compartments and the overlying surface compartment 
(a) without plant canopy, (b) with plant canopy (taken from the PRZM-2 Manual, Mullins 
et al., 1993) 
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a [ l , n - l ]  K „ C ^  [ l ,n- l ]  = -  -^Dg[2,n] K„ [2,n] + 
At At D. f ^ D ^ [ l , n ]  a [ l , n ]  K „  ( l + K , )  +  
( 6 2 )  
C^[l,i2] 
where: n - time index. 
By substituting Equation (62) into the overall (i.e., all phases) mass balance equation 
for the uppermost soil layer, a flux-type upper boundary condition is obtained. Figure 3b 
reflects the field situation when a plant canopy exists. 2Dero concentration is now assumed 
to exist above the top of the canopy compartment. The volatilization flux from the plant 
canopy is defined as follows: 
'^PC - - C) ( 6 3 )  
where: Jp^ - volatilization flux through the plant canopy (g cm'^ day'), 
ER - vertical transfer resistance (day cm '), and 
C* - concentration above the plant canopy (assumed to be zero). 
By carrying out a similar mass balance using finite differences, the boundary 
condition which describes the field with canopy existing is obtained. 
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Soil temperature 
Soil temperature is solved numerically, the theoretical basis of which was defined 
previously. Equation (54) summarizes the distribution of temperature within the soil profile. 
This equation is solved numerically for soil temperature, T, as a function of depth, z, and 
time, t, based on the input thermal diffusivity, d, for each soil compartment, with the given 
initial and boundary conditions. 
The lower boundary temperature is defined by the user as 12 monthly values 
corresponding to the first day of each month; the value for each day is interpolated between 
the neighboring monthly values (Mullins et al., 1993). 
Initial Condition: 
=  T i z )  ( 6 4 )  
Boundary Conditions: 
T , ^ , =  T j t )  ( 6 5 )  
(66)  
where: T(z) - initial soil temperature in each soil compartment (°C), 
T,(t) - calculated soil surface temperature for each time step (°C), and 
TL(t) - lower boundary temperature condition at the bottom of the soil core (°C). 
Hanks et al. (1971) numerical approximation is used in the PRZM-2 model given by 
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Ti, j ~ Ti, j-1 _ C^i-l.j ~ ~ (Ti, j ~ ^i»l, j)^i+l/2, J / gy  \  
A t  
which is solved using the same finite difference technique and tridiagonal matrix solver 
(Thomas algorithm) used in PRZM (Carsel et al. 1984). 
Extensive field testing of the PRZM-2 model by several researchers (Carsel et al., 
1985; Jones 1983; Jones et al., 1983) have demonstrated the model's capability to serve as 
a useful tool for evaluating groundwater threats from pesticide use. 
MODEL TESTING 
For the FMBWQ model calibration and validation, two study areas were used: the 
Gingles watershed and the Four Mile Creek watershed in Iowa. The above watersheds were 
selected because of their known past management history and available data. Various 
parameters in the hydrologie model were assigned appropriate values during calibration. 
The objective of the hydrologie model calibration was to minimize the differences 
between the measured and predicted runoff volumes for individual storm events as well as 
the total runoff volume amounts on an annual basis. At the same time, one would expect 
the model to predict reasonable values of soil moisture, évapotranspiration, and other 
hydrologie characteristics of the watershed on a seasonal basis. Available breakpoint rainfall 
data, along with other hydrologie parameters for those watersheds during the growing 
seasons were used for model calibration. This chapter contains description of the two 
watersheds and a listing of the calibration data. 
Gingles Watershed 
The Gingles Watershed is located in the deep loess hills of western Iowa east of the 
Missouri River Valley. Figure 4 is a map of the watershed (and subwatersheds) which 
occupy the sides of a ridge with natural drainage to the north, south, and east. The north 
and south drainage areas were divided by diversion dikes, which split the natural waterways. 
The east drainage was naturally divided into two separate drainage areas, making a total of 
six research subwatersheds in the area. The soils belong to the Ida-Monona soil association 
and are well drained soils with gentle to steep slopes. The Monona soils occur on the more 
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gently sloping ridge tops, while the Ida soils occur on the steep hillsides and the Napier soils 
occupy the lower slopes. Slopes on the Monona and Napier soils average 8 percent. On the 
Ida soil, the average slope is 14 percent (Anderson, 1975). 
The northeast (NE) Gingles subwatershed was the only one of the six on which soil 
moisture data were available for the 2.75-m soil profile. Therefore, this watershed was used 
for this study. It covered 0.9 ha of Ida silt loam soil on a 12 percent slope. The land use 
and management during earlier watershed monitoring, which extended from 1967 through 
1970, was continuous com with conventional tillage on the contour. 
In 1963, Departments of Agronomy and Agricultural Engineering at Iowa State 
University initiated research to better describe the hydrology of the area. A detailed 
description of the research setup at this site can be found in Anderson (1975). 
Available Data for Model Calibration and Verification 
Weather data were available from the subwatersheds only during parts of the growing 
season of each year. Rain gauge records started in mid-April and ended in mid-October. 
Wind data were generally available from late May through August. However, supplemental 
data describing wind characteristics were obtained from the Western Iowa Experimental 
Farm from mid April through October. Air temperatures and relative humidity data were 
generally available only for June through August. The air temperatures from the 
Experimental Farm were available year round. However, supplemental humidity data were 
only available as monthly averages from the Sioux City Airport. Solar radiation was 
available during the entire year starting in 1967 with the exception of short periods of 
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instrument malfunction. Supplemental data on solar radiation were estimated from charts 
published by deJong (1973). Pan evaporation data were available from late May through 
August each year except for unexplained gaps in the data. 
Soil moisture data were available down to 2.75 m on the watershed at approximately 
two-week intervals from late May or early June through late August or early September each 
year (Anderson et al., 1978). During some years, at least one earlier and one later soil 
moisture reading were also recorded. The soil moisture data for 1968 through 1970 were 
included in an earlier investigation by Bemal (1972). Data on soil moisture properties for 
the Gingles watershed were also included in the report of Melvin (1970). These included 
data on the variations in bulk densities throughout the soil profile, and curves of soil 
moisture content versus both matrix potential and unsaturated hydraulic conductivity. 
Additional data on available soil moisture and moisture content at the wilting point, field 
capacity, and saturation for western Iowa soils were available from Shaw et al. (1959). 
Plant system development data were available from Saxton (1972) and Shaw (1963, 1964), 
some of which were reported by Anderson (1975). 
Four Mile Creek Watershed 
Johnson and Baker (1981,1982) present a detailed description of the Four Mile Creek 
study area. The Four Mile Creek watershed is located in the Cedar River Basin in east-
central Iowa in the Illinois and Iowa deep loess drifts (Fig. 5). The Four Mile Creek 
watershed in northwestern Tama county is situated at 42° 12' N latitude and 92° 35' W 
longitude. This 5055-ha watershed, with a northwest-southeast orientation, is about 3.5 km 
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Fig. 5 Location of the Four Mile Creek watershed within the Iowa-Cedar River Conservancy 
District 
iiU 1 
Fig. 6 Four Mile Creek watershed, Tama County, Iowa 
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wide and 15 km long (Fig. 6). 
Two single-cover field-sized watersheds, sites 1 and 2 encompassing 5.05 and 6.37 
ha of Tama silt loam with an average slope of 5 percent (Fig. 7), were monitored within the 
Four Mile Creek watershed. During the field monitoring period, sponsored by the USEPA, 
the two fields were alternated between com and soybeans with conventional tillage (Table 
2). Detailed description of the farming practices (including time table of tillage operations, 
crop rotations, etc.) at the two sites can be found in Helmlinger (1986). 
A 
sits ] 
site 2 
Fig. 7 Topography (1 m contours) and soil map of sites 1 and 2 
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Meteorological data were collected during the study at various points on or near the 
watershed (Fig. 5). A weather station was established during this study period near the 
watershed for recording daily precipitation, maximum and minimum temperatures, relative 
humidity, pan evaporation, and solar radiation. A recording rain gauge was also located at 
site 2. 
Table 2 Crop rotations for sites 1 and 2 for 1976 through 1980 
Year Site 1 Site 2 
1976 Soybeans Com 
1977 Com Soybeans 
1978 Soybeans Com 
1979 Com Soybeans 
1980 Soybeans Com 
Surface runoff was monitored at sites 1 and 2 using 1.22 m HL stainless steel flumes 
with FW-1 stage recorders to provide time-discharge data. Description of surface runoff 
sampling is given in Johnson and Baker (1981). Soil sampling was periodically conducted 
at the experimental sites for soil moisture content determination. Samples were taken from 
the ground surface to 30 cm depth in 4 layers (0-1, 1-7.5, 7.5-15, and 15-30 cm) and at 
several times during the growing season. Additional soil samples were taken at 9 depth 
intervals (0-1, 1-7.5, 7.5-15, 15-30, 30-45, 45-60, 60-90, 90-120, 120-150 cm) three times 
69 
each year. Detailed information on the site and experimentation can be found in Roberts et 
al. (1983). 
Available Data for Model Calibration and Verification 
Data for five years (1976 through 1980) for the Four Mile Creek watershed were 
available for model validation. Physical properties of the watershed include area, slope, and 
slope length as shown in Table 3. Data for soil moisture characteristics for the two 
watersheds, bulk densities for each soil layer of the watersheds and the moisture content 
were taken from Johnson and Baker (1981). Data for organic matter, moisture tensions, and 
saturation moisture content were taken from Soil Survey Investigations Report No. 3 (SCS 
1966). 
Data were available year round during the simulation period for precipitation, runoff, 
solar radiation, and air temperature. Data were also available during the growing seasons 
for pan evaporation, relative humidity, wind travel, and soil moisture (to 1.5-m depth at 
various intervals). 
Table 3 Watershed physical properties at sites 1 and 2 
Site Area, ha Slope, m/m Slope length, m 
1 
2 
5.05 
6.37 
0.06 
0.07 
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The calibration period began June 8, 1979 (day 159) since soil moisture 
measurements were determined for that day (Johnson and Baker, 1981). Initial soil moisture 
data for sites 1 and 2 from 1976 through 1980 can be found in Helmlinger (1986). 
Simulation runs for all seasons stopped at the end of October because no pan evaporation 
data were available after that time. 
Pesticide Data 
Four pesticides atrazine, alachlor, metribuzin, and chloramben were considered for 
simulation to verify the model's expanded capability to simulate chemical fate. Pesticide 
properties including diffusion coefficient in air, Henry's constant, enthalpy of vaporization, 
partition coefficient, solubility, and degradation rates in the soil were obtained from several 
sources (Dean et al., 1989; Colby et al., 1989; USDA-SCS, 1991). A plant uptake 
coefficient of 0.4 was assumed for both the models. Parameters used for the pesticides are 
shown in Table 4. 
Simulation Years and Method 
The most complete set of data available from the Gingles watersheds was for the 1968 
growing season. In addition, the 1968 season included the best mix of wet periods and dry 
periods, and for these reasons it was used as the model calibration period (Anderson, 1978). 
Site 1 in 1979 was chosen for model calibration at Four Mile Creek watersheds because of 
the frequency and size of the rainfall-runoff events (Helmlinger, 1986). 
The calibrated models were validated by simulating for the other growing seasons 
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during the period of record (years 1967, 1969, and 1970 for Gingles and 1976, 1977, 1978, 
and 1980 for the Four Mile Creek watersheds). 
For each simulation year, soil moisture was initialized on the first date when 
measured values were available after the beginning of collection of all weather data. 
Simulations were then continued to the last date in the year of available data. No 
adjustments were made during a simulation period to force soil moistures to agree with the 
measured values at the beginning of a storm event. 
Table 4 Properties/parameters of pesticides used in the study 
Property/Parameter Atrazine Alachlor Metribuzin Chloramben 
Common Name Aatrex Lasso Sencor/ 
Lexone 
Amiben 
Application rate (kg ha"') 2.24 1.12 0.75 3.0 
Solubility (mg L ') 33 240 1220 900000 
Partition coefficient, K«. (cm' g ') 100 170 41 14 
Henry's constant 2.5E-7 1.3E-6 9.8E-8 O.OE+0 
Soil half-life (d) 60 26 30 14 
Plant uptake coefficient 0.4 0.4 0.4 0.4 
Diffusion coefficient (cm^ day ') 4.3E-I-3 4.3E+3 4.3E+3 4.3E+3 
Enthalpy of vaporization (Kcal mole"')5.5E-3 5.5E-3 5.5E-3 5.5E-3 
72 
Input Parameter Files 
Tables S and 6 show sample hydrologie and chemistry input parameter files 
respectively, for the FMBWQ model. Likewise, sample input parameter file for PRZM-2 
is presented in Table 7. 
The FMBWQ model having deterministic hydrologie sub-processes requires more 
detailed information on watershed specific parameters as compared to the PRZM-2 model. 
The model is formatted in a modular structure and thus has number of flag options which 
can be turned on or off, depending upon what the user wishes to simulate during a particular 
run. Information about type of precipitation data format, soil properties, erosion and 
sediment transport parameters, plant growth parameters, snowmelt factor, and dates of 
cultivation are input in an orderly fashion. The input parameter file contains description of 
each parameter, thus facilitating easy understanding to the user. Detailed information can 
be found in the FMBWQ code where the logic of each parameter is nicely documented. 
The chemistry data in both the models is identical. Specifics and format of the 
chemistry input file can be looked into the PRZM-2 manual (Mullins et al., 1993). 
The starting and ending dates of simulation, soil horizon information, dates of 
planting and crop emergence, and snowmelt factor were kept the same for both the models 
during all simulation runs. PRZM-2 is incapable of simulating tile outflow and so does not 
require any information concerning drain depth and tile flow constant. Similary, in PRZM-2 
surface runoff is calculated from the SCS curve number method and so a curve number for 
the watershed and particular antecedent moisture condition is provided, which is absent in 
the FMBWQ input parameter file (Table 5). 
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Table 5 Sample input hydrologie file for FMBWQ Model 
Data for simulation of watershed hydrology using FMBWQ version 1.0 
FOUR MILE CREEK WATERSHED - CORN - 1976 - SITE 1, Calibration data 
NH = 10 INCREMENTS PER HOUR 
KEVAP = 1 USE PAN EVAPORATION DATA KSMA = 0 USE SHAW'S CURVES 
KRHO = 0 NO HYDROGRAPH OUTPUT KIRR = 0 NO IRRIGATION 
KUIR = 0 CONSTANT IRRIGATION DEPTH KSOIL = 1 GIVE SOIL SUMMARY OUTPUT 
KSTR = 0 NO DROUGHT STRESS INDEX KERO = 1 EROSION LOSS COMPUTED 
KPRE = 0 USE BREAKPOINT RAIN DATA KOUT = 0 DON'T OUTPUT RAINFALL DAYS 
KCHEM = 1 DO CHEMICAL SIMULATION KTILE = 1 DO TILE DRAINAGE 
SIMULATION 
01/01/1976 12/31/1976 STARTING AND ENDING DATES FOR THIS SIMULATION 
Inital soil parameter data 
4 Number of Horizons for soil data input 
ESOILM LAYERS THICK, MM FC WP SHC SAT 
6 300.00 23.30 13.50 5.00 46.00 79.99 
6 300.00 25.40 14.50 3.16 48.00 85.83 
6 300.00 25.60 14.00 2.76 48.00 83.40 
6 300.00 23.20 13.00 2.35 48.00 88.78 
900.0 Rootzone thickness in mm 
1100.0 Depth of the tile drain in mm 
0.0001 : TFRC 
330.0 15000.0: PSIFC PSIWP 
0.80 0.80 : PERI PER2 
0.40 : PAMAC 
CTHICK = 2.0 READ FROM INFILT lOX.FlO.O 
RMIN = 4.85e-4 
EEXP = 60.0 
SRKE = 0.02 
CLAIF = 3.0 
SSLOPE = 0.050 READ FROM OFROUT 10X,F10.0 
0FMN1,2 = 0.10 0.04 10X,2F10.0 MANNING ROUGHNESS FACTORS 
TRSTM = 10.0 MM 
PUDLE1,2 = 4.0 1.0 MM 
OFSL = 85.000 
AREA = 1.000 HECTARES 
TRST,LAT = 10. 42.2 : 
Parameters for the Erosion and Sediment Transport Model 
0.050 0.050 0.100 1.500 1.700 45.000 
0.150 0.050 3.200 450.00 1.000 0.800 
0.000 0.100 0.900 0.250 
130 JULIAN DATE TO START ROOT SYSTEM DEVELOPMENT 
Table 5 (continued) 
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0.00 0.00 0.20 1.50 4.5 5.00 4.90 4.45 0.00 0.00 0.00 0.00 ALAI 
-365. 0. 20. 50. 80. 100. 120. 150. 190. 235. 235. 365. DLAI 
-365. 0. 1. 52. 62. 74. 82. 92. 112. 143. 175. 365. TJ 
0.0 0.0 1.0 1.0 1.0 1.0 1.0 0.87 0.61 0.2 0.0 0.0 PCX 
-365 0 28 35 48 55 62 69 76 83 IRT 
0.00 0.00 0.00 0.00 0.00 
100.0 0.00 0.00 0.00 0.00 
100.0 00.0 0.00 0.00 0.00 
67.0 31.0 2.00 0.00 0.00 
61.0 27.0 10.0 2.00 0.00 
59.0 25.0 12.0 4.00 0.00 
58.0 20.0 11.0 8.00 3.00 
57.0 17.0 10.0 8.00 8.00 
56.0 15.0 10.0 10.0 9.00 
55.0 15.0 10.0 10.0 10.0 
210.0 0.007 : Maximum canopy height (cm) and leaf density g/cm2 
.000 .000 .000 .375 .339 .285 .258 .228 .198 .148 .148 .000 EPCM in panevp 
0.00 0.00 0.00 1.79 2.55 3.67 4.20 3.70 3.06 1.85 1.85 0.00 BINT in panevp 
0.4 = SNOWMELT FACTOR 
JOUT76 = 150 328 000 000 000 000 000 000 000 000 000 000 
000000000000000000000000000000000000 
000 000 000 000 000 000 
JCULT76 = 93 119 159 171 000 
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Table 6 Sample input chemistry file for FMBWQ Model 
INPUT CHEMISTRY PARAMETERS - FOUR MILE CREEK WATERSHED (1976) 
1 
1 120.0 87.0 0.60 
PESTICIDE TRANSPORT AND TRANSFORMATION AND APPLICATION PARAMETERS 
1 1 0 
ATRAZINE 
30051976 0.0 2.00 
1 
SOILS PARAMETERS 
0.4 1 1 0 0 0 0 
4.3E3 2.5E-7 5.5E-3 
2 33.0 
1 0.0 .01155 .01155 0.00 5.0 2.20 
2 0.0 .01155 .01155 0.00 5.0 1.20 
3 0.0 .01155 .01155 0.00 5.0 0.52 
4 
n 
0.0 .01155 .01155 0.00 5.0 0.25 
U 
PEST i MNTH 1 CONC 
3 MNTH 
RUNFl TSER 
TPSTl TSER 
CHGTl TSER 
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Table 7 Sample input parameter file for PRZM-2 Model 
PRZM-2 INPUT FOR FOUR MILE CREEK WATERSHED (1976) 
HYDROLOGY PARAMETERS - TAMA SOIL 
0.72 0.00 2 15.000 1 3 
9.6 9.7 12.2 13.6 15.4 15.5 
15.7 14.5 12.5 11.3 9.5 9.0 
1 
0.44 0.13 1.0 1.00 5.3 
1 
1 0.25 150.0 85.000 3 71 75 79 0.1 0.1 0.1 0.6 210.0 
1 
200576 090776 151076 1 
PESTICIDE TRANSPORT AND TRANSFORMATION AND APPLICATION PARAMETERS 
1 1 0 
ATRAZINE 
300576 0 0.0 2.00 
1 
SOILS PARAMETERS 
1 2 0 . 0  0 . 4  1 0 0 0 0 0 0 0 0  
4.3E3 2.5E-7 5.5E-3 
2 33.0 
0.40 0.33 0.30 0.28 0.25 0.15 0.10 0.10 0.10 0.15 0.20 0.30 0.97 2.0 
8.3 8.7 9.3 9.8 10.3 11.8 12.5 13.6 10.9 10.1 9.7 9.3 
4 
1 30.0 1.2455 0.2680 0.0 0.0 
0.0115 0.0115 0.000 
5.0 0.233 0.135 2.20 3.71 1.31 
2 30.0 1.2455 0.2920 0.0 0.0 
0.0115 0.0115 0.000 
5.0 0.254 0.145 1.20 2.97 1.05 
3 30.0 1.2720 0.2880 0.0 0.0 
0.0115 0.0115 0.000 
5.0 0.256 0.140 0.52 1.93 0.68 
4 30.0 1.3250 0.2500 0.0 0.0 
0.0115 0.0115 0.000 
5.0 0.232 0.130 0.25 0.74 0.26 
0 0 
WATR MNTH 1 PEST MNTH 1 CONC MNTH 1 
3 MNTH 
RUNF TSER 
TPST TSER 
CHGT TSER 
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Calibration Procedure 
The FMBWQ Model 
The FMBWQ model was calibrated for the Gingles and Four Mile Creek watersheds 
with data available for years 1968 and 1979, respectively. The model was first calibrated 
to predict accurate or close to measured soil moisture contents in the profile. The model 
requires field capacity, wilting point, saturated hydraulic conductivity, saturation moisture 
content (percent by volume), and initial moisture content as inputs for each horizon. Of the 
above parameters, the field capacity, wilting point, and saturation moisture content 
significantly affected moisture in the profile. A trial-and-error approach was adopted in 
order to minimize the differences between the model predictions and field observations. A 
rigorous attempt was made to vary parameters within the published range for the soil types 
at the two watersheds in order to achieve reasonable results. 
After the calibration of soil moisture was done, the model was recalibrated to predict 
accurate surface runoff for individual storm events as well as on a seasonal basis without 
disturbing the soil moisture. While soil moisture is dependent upon predicted values of 
infiltration, évapotranspiration, and deep percolation, surface runoff depends solely on the 
predicted values of infiltration (Anderson, 1975). Therefore, calibration of infiltration 
parameters was crucial to obtaining reasonable estimates of surface runoff. 
The total runoff amount was largely affected by the leaf area index, and the saturated 
hydraulic conductivity. Variation in parameters of the overland flow equation for e.g., 
PUDLE1,2, 0FMN1,2, and TRSTM significantly affected individual storm predictions. 
Trial and error yielded reasonable values for these parameters which gave the best results. 
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Once satisfactory results were obtained for the calibration year, these parameters were kept 
constant for the verification years. Only variables SRKE (summation of rainfall kinetic 
energy) and TRST (total runoff since tillage) were varied each year because the model was 
sensitive to rainfall intensity and tillage practices. Simulation of tile flow was considered 
at Four Mile Creek watersheds. Parameters SAT (saturation moisture content) and SHC 
were instrumental in determining the total amount of tile flow occurring from the field. The 
model utilizes an empirical equation to predict tile flow. The tile flow recession constant 
(TFRC) was assigned a very low number which increased the total volume of tile flow but 
did not affect the rate of tile drain. Saturation moisture content (percent by volume) affected 
the volume of tile flow considerably. Hence a compromise was reached to predict 
reasonable tile flow and at the same time predict close soil moisture and surface runoff on 
a seasonal basis. The model was sensitive to the cultivation date and affected runoff 
prediction signiflcantly. 
A rigorous attempt at calibration showed that no one set of parameter values would 
be able to match closely both surface runoff and soil moisture predictions to the observed 
results. The set of parameters chosen did a reasonably good job during the growing season 
for both watersheds. Once calibrated, the model was validated for different years on the two 
watersheds for which data were available. 
A listing of the calibrated hydrologie parameters for the FMBWQ model at the two 
watersheds is given in Tables 8 and 9. All the hydrologie parameters were kept the same 
during the simulation period for all the years like in the calibration year, except for TRST 
and SRKE which varied from year to year. 
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Table 8 Calibrated values of the hydrologie parameters (Gingles Watersheds) 
CTHICK* 3.0 mm OFMNl 0.12 
RMIN 5.70E-4 OFMN2 0.09 
EEXP 50.0 TRSTM 5.0 mm 
SRKE 0.00 PUDLEl 5.3 mm 
CLAIF 14.0 mm PUDLE2 0.08 mm 
TRST 1.0 mm 
Table 9 Calibrated values of the hydrologie parameters (Four Mile Creek Watersheds) 
CTHICK 2.0 mm OFMNl 0.10 
RMIN 4.85E-4 0FMN2 0.04 
EEXP 60.0 TRSTM 10.0 mm 
SRKE 0.020 PUDLEl 4.0 mm 
CLAIF 3.0 mm PUDLE2 1.0 mm 
TRST 10.0 mm 
where 'CTHICK - crust thickness (mm); RMIN - minimum value of the rainfall energy 
factor; EEXP - exponent on the energy factor equation; SRKE - summation of the rainfall 
kinetic energy since the last tillage operation (J/cm^); CLAIF - crop leaf area index factor; 
OFMNl - maximum roughness coefficient for Manning's equation in the overland flow 
routing subroutine. It is the value of OFMN immediately after tillage when TRST 
(accumulated depth of surface runoff since the last tillage operation) equals zero; 0FMN2 -
minimum roughness coefficient for Manning's equation in the overland flow routing 
subroutine. It is the value of OFMN when TRST is greater than or equal to TRSTM; 
PUDLEl - maximum value of PUDLE (depth of water in surface depressional storage at any 
given time which cannot be removed by surface runoff). It occurs immediately after a tillage 
operation; PUDLE2 - minimum value of PUDLE. It occurs when TRST is greater than or 
equal to TRSTM. 
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The FRZM-2 Model 
The functions in PRZM-2 which predict the soil moisture in each layer had a 
tendency to make the lower layers go to field capacity and stay there. Therefore, soil 
moisture predictions were not useful for PRZM-2 calibration. PRZM-2 tended to predict 
runoff on days when none was measured, and watershed parameters could not be found 
which would produce good simulation for individual days and total seasonal runoff. 
Calibration Results 
Table 10 shows the water balance at Gingles and Four Mile Creek watersheds. 
During the calibration period at Gingles, a total surface runoff depth of 36.66 mm was 
recorded. The predicted runoff is within 8 percent of the measured runoff with most of it 
taking place for an event on day 221 (August 8) (Table 11). The FMBWQ model 
underpredicted évapotranspiration but gave good predictions of soil moisture. Similarly, a 
124.05 mm depth of runoff prediction in 1979 at the Four Mile Creek watershed was within 
7 percent of the measured total runoff amount. The FMBWQ model gave good predictions 
for individual runoff event depths and soil moisture during the calibration year. 
The FMBWQ model predicted much lower tile flow (5 mm) than expected from the 
site. The tile flow function used for the first time requires considerable testing. Sensitivity 
analysis of the infiltration function might help understand the flow function even better. 
Looking at the calibration year R-squares and regression parameters, it was assumed that the 
FMBWQ model was calibrated successfully. However, the chemical component of the 
model could not be calibrated due to lack of any field data for comparison purposes. 
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Table 10 a. Moisture balance for the calibration period of April 17 (day 108) through 
October 15 (day 289) at NE research watershed (Gingles) during 1968 for the 
FMBWQ model 
Balance Term Prediction, mm 
Initial soil moisture in the root zone 525.36 
Total precipitation 587.30 
Total surface runoff 45.32 
Total deep percolation 0.00 
Total évapotranspiration 449.10 
Final soil moisture in the root zone 618.15 
Balance 0.09 
b. Moisture balance for the calibration period of June 8 (day 159) through 
November 8 (day 312) at site 1 (Four Mile Creek) during 1979 for the 
FMBWQ model 
Balance Term Prediction, mm 
Initial soil moisture in the root zone 1070.21 
Total precipitation 597.90 
Total surface runoff 124.04 
Total deep percolation 38.30 
Tileflow 4.80 
Total évapotranspiration 359.22 
Final soil moisture in the root zone 1141.74 
Balance 0.01 
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Model Evaluation Criteria 
For purposes of model evaluation, subjective (graphical displays) and objective 
(statistical measures) assessments were done. Since data on only runoff and soil moisture 
contents were available for the two watersheds during the study period, the hydrology 
component was evaluated considering: (i) measured and predicted total runoff depths for 
those days on which either of the measured or model predictions was non-zero, and (ii) 
measured and predicted soil moisture content in the profile during the growing season. For 
evaluating the model chemistry in the absence of field data, assessments were made 
considering watershed hydrology. 
A number of quantitative measures have been suggested by Green and Stephenson 
(1986) for evaluating the goodness-of-fit of single-event modeling. According to Diskin and 
Simon (1977), the most appropriate function for the present case would be the determination 
of squared sum of residuals (SSR) and the root mean square error (RMSE). They are 
defined as follows: 
n 
(68 )  
and 
n 
RMSE 
( 6 9 )  
where Pj and O; are predicted and observed (field measured) values by either model 
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respectively, and n is the number of observations. The RMSE is the overall sum of squares 
difference normalized to the number of observations and is often used as an objective 
function to evaluate model results. The lower limits for SSR and RMSE statistics are zero, 
for which case the errors between observed and predicted values are zero. 
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RESULTS AND DISCUSSION 
Results of Model Calibration 
There were 17 events at the Gingles and 16 events at the Four Mile Creek watersheds 
which had non-zero runoff either measured or predicted by one of the models during the 
calibration years (Tables 11 and 12). A summary of the calibration results for both models 
to predict daily surface runoff depth is presented in Table 13. 
Higher R-squares were obtained for the calibration year and verification years as 
compared with those of Anderson 1989, since the FMBM model underwent significant 
modification. The manner of data input to the FMBWQ model was altered completely 
permitting the use of a thin surface layer, and increasing deeper in the profile which allowed 
for better runoff sensitivity. Another characteristic of the FMBWQ model is the use of 
modified GAML function for predicting infiltration as compared to simple drainage rules for 
water movement in the PRZM-2 model. 
Table 14 shows the statistical performance of the FMBWQ and PRZM-2 models for 
the two watersheds during the study period in predicting the daily surface runoff depth. The 
FMBWQ model had lower SSR and RMSE values during the calibration years at both the 
watersheds. Statistics of the FMBWQ model shows lower SSR and RMSE values for 3 out 
of 4 years (1967, 1968, and 1970) at Gingles and for 3 out of 5 years (1977, 1978, and 
1979) at Four Mile Creek watersheds. 
The relative slope of the 1:1 line and the regression line is a better indicator of the 
degree of validity for both the models. Calibration of the FMBWQ model was quite 
adequate for both the watersheds as indicated by the coefficient of variation and the 
Julian 
Day 
150 
155 
156 
158 
160 
161 
162 
164 
165 
166 
170 
175 
178 
256 
280 
Measured vs predicted surface runoff in mm for the Gingles Watershed 
1967 1968 
Measured FMBWQ PRZM-2 Julian Measured FMBWQ PI^M-2 
Runoff Predicted Predicted Day Runoff Predicted Predicted 
0.000 0.000 2.435 113 0.000 0.000 0.072 
3.560 0.000 2.776 127 0.000 0.000 0.098 
5.080 10.250 5.567 147 0.000 0.000 0.009 
14.990 4.940 6.007 162 0.000 0.000 0.008 
13.200 18.310 6.601 175 0.200 0.000 4.330 
0.000 0.160 0.000 176 6.100 6.810 2.581 
14.480 15.620 2.195 177 9.650 9.280 11.730 
15.750 13.560 1.173 181 3.050 4.550 0.150 
18.790 22.380 7.132 199 0.510 0.000 0.011 
0.250 0.000 0.000 211 0.000 0.000 2.194 
12.950 16.450 1.551 221 6.860 11.360 7.777 
8.380 0.000 12.770 235 0.000 0.010 0.000 
1.780 0.000 0.010 239 3.810 1.900 4.333 
0.000 0.000 0.184 240 0.000 0.220 0.000 
0.000 0.000 0.024 247 3.560 2.220 8.346 
250 0.100 0.000 0.000 
109.21 101.67 48.420 260 0.000 0.000 3.732 
262 0.000 0.000 0.188 
R-square ; 0.67 266 0.000 0.310 0.000 
Regression : y = -1.002 + 1.041 X 
Total 33.840 36.660 45.559 
R-square : 0.23 
Regression : y = 1.402 + 0.25 x FMBWQ R-square : 0.88 
Regression : y = -0.076 + 1.123 x 
PRZM-2 R-square ; 0.64 
Regression : y = 0.731 -K 0.960 x 
Table 11 (continued) 
1969 1970 
Julian Measured FMBWQ PRZM-2 Julian Measured FMBWQ PRZM-2 
Day Runoff Predicted Predicted Day Runoff Predicted Predicted 
141 0.000 0.050 0.000 132 0.760 3.870 0.000 
162 15.490 11.560 4.740 133 10.160 10.770 3.590 
173 0.760 0.000 0.234 149 0.100 0.000 0.000 
179 4.060 0.000 1.404 150 6.600 7.010 0.000 
188 7.620 7.510 3.228 151 0.250 0.280 0.000 
218 8.890 3.560 6.857 162 6.100 4.010 0.070 
220 6.600 14.920 2.805 171 0.000 0.180 0.000 
232 0.000 0.000 0.045 258 0.000 0.000 2.717 
243 0.000 0.000 3.651 266 0.000 4.240 0.165 
285 0.000 0.000 0.129 280 0.000 0.030 0.818 
Total 43.42 37.600 23.090 Total 24.730 33.290 7.707 
FMBWQ R-square : 0.472 FMBWQ R-square ; 0.765 
Regression : y = 0.464 4- 0.790 x Regression ; y = 1.275 + 0.831 x 
PRZM-2 R-square : 0.556 PRZM-2 R-square ; 0.188 
Regression : y = 0.861 + 0.330 x Regression : y = 0.361 + 0.151 x 
Table 12 Measured vs predicted surface runoff in mm for the Four Mile Creek Watersheds 
1976 1977 
Julian Measured FMBWQ PRZM-2 Julian Measured FMBWQ PRZM-2 
Day Runoff Predicted Predicted Day Runoff Predicted Predicted 
150 3.890 12.290 0.000 168 0.000 0.000 0.004 
165 8.240 0.000 4.434 187 0.000 0.040 0.809 
210 0.000 0.000 0.487 196 0.000 0.000 0.081 
263 0.000 0.000 0.473 209 0.000 0.000 2.539 
213 0.000 0.000 0.039 
217 0.110 0.000 0.147 
Total 12.130 12.290 5.34 220 0.110 0.000 0.018 
221 0.050 0.000 0.000 
227 4.830 5.210 5.336 
FMBWQ R-square : 0.0212 237 0.440 0.040 0.333 
Regression : y = 2.381 + 0.230 x 238 0.300 0.000 0.000 
239 0.040 0.000 0.000 
PRZM-2 R-square : 0.685 240 0.160 0.000 0.040 
Regression : y = 0.025 + 0.436 X 243 0.170 0.000 0.050 
260 0.200 0.000 4.587 
261 0.320 0.020 0.002 
266 0.000 0.000 0.004 
273 0.000 0.000 0.360 
280 0.030 0.000 2.495 
296 0.210 0.010 4.472 
304 0.300 0.000 0.206 
Total 7.270 5.320 21.520 
FMBWQ R-square : 0.99 Regression : y = -0.181 + 1.106 x 
PRZM-2 R-square : 0.32 Regression : y = 0.694 + 0.950 x 
Table 12 (continued) 
1978 1979 
Julian Measured FMBWQ PRZM-2 Julian Measured FMBWQ PRZM-2 
Day Runoff Predicted Predicted Day Runoff Predicted Predicted 
107 0.630 0.000 18.440 160 0.030 0.000 0.221 
108 0.690 0.000 0.587 163 36.210 32.200 18.790 
127 0.000 0.000 0.145 169 0.000 0.030 0.000 
133 0.150 0.000 1.082 170 0.490 0.650 0.000 
147 1.200 16.340 1.230 178 12.860 22.080 6.165 
151 0.230 4.710 0.000 184 34.330 40.050 29.240 
166 0.870 5.480 0.406 194 3.360 0.070 1.120 
171 3.530 5.710 2.410 195 31.440 14.910 6.010 
199 0.000 0.000 0.575 231 4.060 5.470 22.880 
238 0.080 11.380 20.800 233 8.590 6.360 2.824 
256 0.170 7.750 12.370 267 0.000 0.000 0.101 
257 0.020 0.000 0.000 291 0.000 1.060 0.004 
262 0.170 1.200 1.244 295 1.590 1.160 22.400 
263 0.210 0.190 2.705 275 0.000 0.000 0.020 
Total 7.95 52.76 62.02 Total 132.96 124.05 109.76 
FMBWQ R-square : 0.053 FMBWQ R-square: 0.82 
Regression : y = 3.564 + 1.257 x Regression : y = 0.602 + 0.88 X 
PRZM-2 R-square : 0.0014 PRZM-2 R-square: 0.27 
Regression : y = 4.402 - 0.504 X Regression : y = 4.783 + 0.393 : 
Table 12 (continued) 
1980 
Julian Measured FMBWQ PRZM-2 
Day Runoff Predicted Predicted 
165 0.130 0.000 0.553 
167 0.300 0.000 0.125 
198 0.020 0.000 0.746 
219 0.520 0.230 12.140 
222 0.000 0.000 0.008 
223 0.020 0.000 0.067 
224 0.360 2.350 1.082 
229 0.220 3.160 8.842 
232 0.030 0.000 0.000 
248 0.040 0.400 1.502 
253 0.040 0.000 0.000 
256 0.040 0.000 0.222 
290 0.000 0.000 0.888 
297 0.000 0.000 0.096 
298 0.000 0.000 0.029 
Total 1.720 6.140 26.300 
FMBWQ R-square : 0.143 
Regression : y = 0.176 4- 2.447 x 
PRZM-2 R-square : 0.496 
Regression : y = -0.089 + 16.01 x 
$ 
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Table 13 Summary of calibration results for measured versus predicted daily surface 
runoff depth from FMBWQ and PRZM-2 
Source Sample Total period Measured vs Predicted 
size runoff, mm Intercept Slope 
Gingles Watersheds 
Measured 12 33.84 
FMBWQ 12 36.66 0.880 -0.076 1.123 
PRZM-2 17 49.91 0.640 0.731 0.960 
Measured 16 132.96 
FMBWQ 16 124.05 
PRZM-2 16 109.66 
Four Mile Creelt Watersheds 
0.820 0.602 0.880 
0.270 4.783 0.393 
Table 14 Statistical performance of FMBWQ and PRZM-2 for Gingles and Four Mile 
Creek watersheds in prediction of daily surface runoff depth 
Gingles Watersheds Four Mile Creek Watersheds 
YEAR SSR RMSE YEAR SSR RMSE 
FMBWQ 1967 271.21 4.97 1976 138.45 8.32 
PRZM-2 782.78 7.48 30.08 2.74 
FMBWQ 1968 29.04 1.55 1977 0.74 0.22 
PRZM-2 85.25 2.24 51.24 1.56 
FMBWQ 1969 130.15 4.31 1978 462.40 6.21 
PRZM-2 174.07 4.17 905.49 7.77 
FMBWQ 1970 37.18 1.76 1979 426.28 5.96 
PRZM-2 132.51 3.19 1846.66 12.9 
FMBWQ 1980 12.93 1.08 
PRZM-2 213.60 3.91 
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regression line parameters. During the calibration process, it was observed that while 
improving upon the prediction of a particular runoff event, prediction of other events got 
distorted. Hence, a compromise between model variables was reached to obtain better 
predictions of individual storm events and total seasonal runoff. 
At Gingles, calibration year 1968 was a wet year with precipitation of about 81 cm 
fairly well distributed during the growing season (Fig. 8a). Better individual storm 
predictions with a slope close to unity and intercept close to zero were obtained for 1968 
(Fig. 8b). The R-square value (Table 14) of the FMBWQ model was much higher because 
individual runoff events were accurately represented. The FMBWQ model represented more 
accurate soil moisture except for the samples taken on JD 228, whereas PRZM-2 
underpredicted the soil moisture throughout the growing season (Fig. 8c). The cause of this 
discrepancy is uncertain and could be measurement error (Anderson, 1978). 
At Four Mile Creek watersheds, in the calibration year 1979, the FMBWQ model 
predicted accurately the individual runoff events as well as the total runoff amounts, except 
for the storm events on Jds 178 and 195, when PRZM-2 gave better predictions (Fig. 9b). 
Overall, PRZM-2 underpredicted runoff amounts by about 17 percent, whereas the FMBWQ 
model underpredicted the same by approximately 6 percent. The FMBWQ model shows the 
regression slope close to 1:1 with a higher R-square than the PRZM-2 model for runoff 
prediction (Table 14). PRZM-2 did not predict well the soil moisture whereas the FMBWQ 
model represented accurate soil moisture throughout the growing season (Fig. 9c). 
Runoff rates during an event for FMBM at Four Mile Creek watersheds during the 
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calibration period have been reported earlier (Helmlinger, 1986). Since, PRZM-2 is not 
capable of handling breakpoint rainfall (a limitation), a model comparison for individual 
runoff rates could not be made. Both the models predicted close infiltration and 
évapotranspiration for Gingles watershed (Table 15). However, PRZM-2 considerably over-
predicted surface runoff depth and underpredicted the soil moisture content. 
Results of Model Validation 
Model simulations for the Gingles and Four Mile Creek watersheds during the 
verification years are discussed in the following section separately under hydrologie and 
chemical fate subheadings. Hydrologie comparison for both the models at the two 
watersheds is presented in Table IS. 
Hydrologie Simulation 
Gingles Watershed 
From Table 11, it can be seen that the FMBWQ model predicts total surface runoff 
close to measured amounts in 1967 but overpredicts individual runoff event depths during 
the early part and underpredicts during the later part of the growing season. Since the first 
cultivation date was unknown, an estimate was input to the model which significantly 
affected the runoff predictions. However, individual storm events except in the early part 
of the growing season (Julian Days 155, 156) and then on 175, were well represented. The 
total runoff amount for the season was underpredicted by almost 7 percent. PRZM-2 on the 
other hand predicted well on the above two storm events but underpredicted the total runoff 
Table 15 Hydrology comparison of the FMBWQ and PRZM-2 models at the Gingles and Four Mile Creek watersheds 
Gingles Watershed 
Year Rain Cumulative Infiltration Total Runoff Total Evapotranspiration Total Evaporation 
(mm) FMBWQ PRZM-2 FMBWQ PRZM-2 FMBWQ PRZM-2 FMBWQ PRZM-2 
fmm) fmml fmm) fmm) fmm) fmm) fmm) fmm) 
1967 496.10 384.75 399.90 101.73 48.42 384.11 409.90 47.65 48.12 
1968 587.30 474.25 476.40 36.66 45.56 449.10 439.60 55.04 61.43 
1969 362.50 288.77 294.10 37.61 23.09 384.10 376.70 21.82 45.09 
1970 325.90 259.45 274.80 33.30 7.71 293.36 313.90 28.54 43.12 
Four Mile Creek Watershed 
Year Rain Cumulative Infiltration Total Runoff Total Evapotranspiration Total Evaporation 
(mm) FMBWQ PRZM-2 FMBWQ PRZM-2 FMBWQ PRZM-2 FMBWQ PRZM-2 
fmm) fmm) fmm) fmm) (mm) fmm) fmm) fmm) 
1976 208.80 157.45 175.02 12.29 10.23 317.80 262.50 14.24 25.30 
1977 545.30 453.00 446.70 5.33 21.52 382.69 271.40 22.86 77.00 
1978 604.80 483.65 480.70 52.77 62.02 398.65 350.80 48.97 62.51 
1979 597.90 408.35 432.60 124.05 109.80 359.22 275.60 25.89 54.99 
1980 393.20 328.95 318.60 6.14 26.30 340.61 255.40 20.12 48.86 
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by a considerable amount (more than 55 percent). The slope of the regression line was close 
to unity for the FMBWQ model than for PRZM-2 (see Fig. 10b and Table 11) which is a 
measure of the agreement of predicted results to the observed values. The month of June 
was unusually wet with 11 storms accounting for most of the precipitation (Fig. 10a). 
Runoff predictions from the FMBWQ model fluctuated, first overpredicting, then 
underpredicting and then again overpredicting for the rest of the storm events in the month. 
The deviation in surface runoff predictions suggests the effect of cultivation. Cultivation 
occurred on JD 172, so no surface runoff occurred on the storm events of Jds 175 and 178. 
Similar effects of cultivation on runoff events were reported by Anderson (1975). PRZM-2 
does not account for management effects during simulation runs, thus it underpredicted 
runoff throughout the month of June except on JD 175 where it overpredicted runoff by 
about 34 percent, and then again underpredicted for the storm-event on JD 178. The 
FMBWQ model predicted accurate soil moisture in the profile when compared with the 
observed values. Soil moisture trend in the profile followed precipitation closely during the 
growing season (Fig. 10c), with high values during the wet month of June. PRZM-2 
underpredicted surface runoff as well as soil moisture and overpredicted évapotranspiration 
(see Fig. 10b and 10c). 
For the year 1969, poor correlation is observed between measured runoff and that 
predicted by the FMBWQ model except for the two storm events on JD 162 and 188 (Fig. 
1 lb and Table 11). The FMBWQ model did not predict any runoff for the two storm events 
when some runoff was measured and underpredicted during the early part of the growing 
season. The total amount of runoff was underpredicted by almost 12 percent. PRZM-2 had 
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a tendency to predict runoff later in the season on days when no measurements were 
recorded and underpredicted all the individual storm events. Soil moisture predictions from 
the FMBWQ model were better except for days after JD 220 when both the FMBWQ and 
PRZM-2 models overpredicted soil moisture by about 15 percent (Fig. 11c). 
For the year 1970, good correlation is observed between measured runoff and the 
FMBWQ model predictions as compared with PRZM-2 because individual storm events were 
well represented throughout the growing season (Fig. 12b). However, on three storm 
events, the FMBWQ model predicted runoff on days when no measured runoff was reported, 
whereas PRZM-2, like in previous years, grossly underpredicted runoff on days when some 
measurements were made and then predicted runoff on days when no measurements were 
reported contributing almost 13 percent of the total runoff amount. Slope of the regression 
line for the FMBWQ runoff data was 0.83 which was considerably higher than the slope for 
PRZM-2 prediction data (Table 11). The FMBWQ model overpredicted annual runoff 
amounts by about 25 percent, whereas PRZM-2 underpredicted the annual runoff amounts 
by almost 70 percent (Table 11). Soil moisture predictions were however, very well 
represented during the early to middle part of the growing season by the FMBWQ model and 
followed the precipitation trend. During later part though, the FMBWQ model overpredicted 
whereas PRZM-2 underpredicted the soil moisture in the profile throughout (Fig. 12c). 
Overall the FMBWQ model runoff and soil moisture predictions for the Gingles 
watershed were quite encouraging and significantly better than the PRZM-2 model when 
compared with the measured data. Runoff predictions on individual storm basis were much 
better and were actually on days when observations were reported, whereas PRZM-2 had a 
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tendency to consistently predict runoff on days when none was measured (Table 11) and then 
underpredict for the rest of the growing season. The reason for the PRZM-2 model's 
inability to accurately predict surface runoff and soil moisture is due to its limitation of not 
being able to simulate the management practices and not accounting the effects of rainfall 
intensity. Crusting of the surface top soil and the rainfall kinetic energy play an important 
role in the infiltration and surface runoff processes which are not handled in the current 
version of PRZM-2. 
Four Mile Creek Watershed 
Figures 13 through 17 show the model predictions of surface runoff and soil moisture 
for the Four Mile Creek watershed during the years 1976 through 1980. Fig. 13b shows the 
failure of the FMBWQ model to predict accurate surface runoff. Runoff measurements were 
recorded for only two storm events during the year and the FMBWQ model overpredicted 
the storm event of JD 150. The FMBWQ model simulated tile flow for the first time 
considering a tile drain 122 cm below the ground surface. PRZM-2 on the other hand, 
similarly underpredicted storm events on days when runoff was measured and predicted 
runoff on days when no measurements were recorded. No runoff measurements were 
reported for JD 210 and 263, but looking at the precipitation trend (Fig. 13a), PRZM-2 
predicted reasonable runoff amounts. The FMBWQ model however, on the other hand 
predicted more accurate soil moisture including increases on Jds 210 and 263 as a result of 
those two storm events (Fig. 13). PRZM-2 considerably underpredicted the soil moisture 
throughout the crop growing season. 
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Fig. 14b shows the runoff predictions for the year 1977. The FMBWQ model, even 
though predicted total seasonal runoff close to the observed, had difficulty predicting smaller 
runoff events. It considerably underpredicted the individual runoff events throughout the 
growing season. However, soil moisture predictions from the FMBWQ model were far 
accurate and depicted a reasonable pattern (Fig. 14c). The PRZM-2 model however does 
overpredict total runoff considerably and shows a fluctuating pattern of first overpredicting, 
then underpredicting, and then again overpredicting the surface runoff (Table 12). PRZM-2 
tends to predict runoff on days when no runoff was measured in the early part of the 
growing season and then later throughout, which is not surprising when one examines the 
rainfall for the year 1977 (Fig. 14a). 
In the year 1978, both models overpredicted total runoff considerably but FMBWQ 
matched well the timing of prediction to the observed values. PRZM-2 again predicted 
surface runoff on days when no measurements were made and overpredicted for the rest of 
the storm events (Fig. 15b). However, PRZM-2 did predict some of the individual storm 
events accurately, for example on Ids 147, 166, 171, and 257. However, looking at Fig. 
15b, both the models (Table 12) predicted quite accurate surface runoff for the storm events 
of Jds 108, and 171. On these days, significant storm events occurred and the predicted 
runoff amounts look reasonable. Precipitation was fairly well distributed throughout the 
growing season (Fig. 15a). The FMBWQ model predicted accurate soil moisture in the 
profile, whereas PRZM-2 as usual considerably underpredicted the soil moisture throughout 
the growing season (Fig. 15c). 
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Runoff amounts were grossly overpredicted during the year 1980 by PRZM-2 (Fig. 
16b and Table 12). The FMBWQ model did not predict runoff on days when measurements 
were reported whereas PRZM-2 model's tendency to predict runoff on days when none was 
measured, was again observed. Although precipitation was less than average in 1980 (Fig. 
16a), several runoff events were reported that year. In late 1979, the soil profile was wetter 
than in the fall of 1978, with 66 cm of water stored in the top 150 cm of the soil profile at 
sites 1, and 2. This coupled with the significant rainfall events which occurred during the 
growing season of 1980, resulted in significant runoff from the above watersheds (Baker and 
Johnson, 1982). 
Summary of Hydrologie Comparison 
Overall, both the FMBWQ and the PRZM-2 models did not predict accurate 
hydrology at the Four Mile Creek watershed. R-squares from both the models were low and 
the slope not close to 1:1 for any year except during 1979, which was the calibration year. 
Since most of the large measured runoff events on the Four Mile Creek watershed occurred 
during 1979, this may have biased the validation correlations of the model. Soil moisture 
predictions by the FMBWQ model were better for both the watersheds, which strengthens 
the belief that FMBWQ model may predict more accurate water quality. 
Some of the reasons why the FMBWQ model did not simulate runoff as well as soil 
moisture very well at Four Mile Creek watershed could be enumerated as follows. The 
FMBM model was originally written considering the geology at the Cingles watershed 
(Anderson, 1978). Dominated mostly by loess soil, Cingles watershed has more 
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homogeneous soil properties than found at the Four Mile Creek watershed. Considerable 
spatial and temporal variations in precipitation occurrance over the watershed for any given 
event would affect runoff (and associated chemical and sediment loss) making predictions of 
flow from the Four Mile Creek difficult. The tile drain function was tested for the first time 
in the FMBWQ model and there is a possibility that it may not be functioning reasonably. 
Modifying FMBM to become compatible with the PRZM-2 algorithms might have occurred 
at the cost of sensitivity to certain hydrologie parameters. The GAML infiltration function 
is being tested for the first time in the model and it is possible that the redistribution 
subroutine written for the previously used Holtan function is causing some problems. 
PRZM-2 does not simulate drainage, but for Four Mile Creek it does a relatively better job 
than the FMBWQ model in predicting runoff which suggests that the tile drainage component 
of the FMBWQ model requires attention. The absence of tile flow data at the experimental 
site makes it difficult to make a conclusive statement at this point. 
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Chemical Fate Simulation 
Gingles Watershed 
Figures 17 through 20 show simulated losses of atrazine, alachlor, metribuzin, and 
chloramben in the soil profile. Both the models show similar amounts during the starting 
month of simulation for all the pesticides, except during the year 1970. Since the FMBWQ 
model predicted runoff accurately in the year 1970, it shows more pesticide lost in runoff 
than PRZM-2 which predicts less than 50% of the measured runoff (Table 11). Then in the 
year 1967, the unusual wet month of June shows more runoff loss of the pesticide than 
PRZM-2 for the same reason. Since, runoff loss of the pesticide is dependent upon the total 
volume of runoff, the pesticides were most likely to be washed off in runoff, since they were 
surface applied. Baker and Johnson (1978) reported a decreasing trend in the field data for 
atrazine and alachlor masses over the growing season. 
Atrazine having the longest half-life is seen to remain in higher amounts in the profile 
than the other pesticides. Atrazine remains adsorbed in the profile and is carried over to the 
next year, but alachlor and metribuzin disappear by the time of next pesticide application. 
Since a continuous simulation could not be made by the model at this time, the residual 
amounts of pesticide carried over to the next year is not predicted. Chloramben due to its 
short half-life of 14 days disappears almost totally from the profile by the end of the growing 
season. The rate of disappearance predicted by the FMBWQ model is relatively quicker 
because of more surface runoff. 
However, the FMBWQ model predicts less pesticide mass in the soil profile than 
PRZM-2. Since the FMBWQ model employs deterministic hydrologie processes and 
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seemingly predicts accurate runoff and soil moisture in the profile, the results look more 
reasonable. The major loss mechanism of the chemical from the model results is due to soil 
decay which depends on the K^, of the pesticide and its half-life. The next major loss 
mechanism is via washoff which includes the pesticide losses in surface runoff and erosion. 
The loss due to plant uptake of the pesticide is not that significant. PRZM-2 overpredicts 
ET and does not distinguish between evaporation and transpiration. Transpiration being the 
dominant process, PRZM-2 tends to show more pesticide uptake by plants as compared to 
the FMBWQ model. PRZM-2 employs a linear plant growth function whereas the FMBWQ 
model employs an exponential relationship and thus allows the plant to take more time to 
attain its maximum height. 
The FMBWQ model predicted higher pesticide concentrations in the surface soil 
horizon during the growing season which is confirmed by the soil sample results reported 
by Baker and Johnson (1978). Predicted pesticide concentration decreases rapidly with depth 
from the surface layer and becomes negligible at the bottom of the core. PRZM-2 on the 
other hand, shows pesticide movement deeper in the profile because it employs simple 
drainage rules of water movement and tends to carry the pesticide deeper. 
Figures 21 through 24 show the relative distribution of the pesticides in the adsorbed 
and dissolved phases. The pesticide fate is dependent on its K^c, whether in adsorbed or 
solution form. As can be seen, almost 95 percent of atrazine in the core is in adsorbed 
form, whereas about 85 percent of alachlor remains adsorbed. This is in accordance with 
the experimental findings reported by Baker and Johnson (1978) at the same site, but for 
different years. Metribuzin and chloramben are seen more in dissolved form due to high 
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solubility and very low values (Table 4). 
For both the models in 1967-70 (Table 16), pesticides were assumed to be applied 
on JD 135, five days after the start of simulation and five days before plant emergence. The 
first storm in 1967 (during the growing season) occurred on JD 147 which gave atrazine 
enough time to be adsorbed in the soil. Unusually heavy rain in June 1967 caused lower 
atrazine amounts to be predicted by both the models as compared to the other years (Fig. 
17). During the simulation period from 1967 through 1970, pesticides were applied after 
the start of simulation (Table 16) which happened to be a dry period and that's why so much 
pesticide remains in the adsorbed phase during the first months of simulation. The pesticide 
amounts decreased due to losses including plant uptake, volatilization, degradation, and 
leaching beyond the root zone during the growing season. 
Table 16 Simulation dates for Gingles Watersheds (Starting, pesticide application dates, 
and ending dates of simulation; Plant emergence, maturity and harvesting dates) for both the 
models 
Year JSTART JPESTAPP JEMER JMAT JHARV JEND 
1967 05/10 (130) 05/15 (135) 05/20 (140) 07/09 (190) 10/15 (288) 10/24 (297)* 
1968 04/17 (108) 05/12 (133) 05/18 (139) 07/10 (192) 10/12 (286) 10/15 (289) 
1969 05/20 (140) 05/24 (144) 05/26 (146) 07/20 (202) 10/24 (298) 10/12(285) 
1970 04/24 (114) 05/05 (125) 05/15 (135) 07/15 (196) 10/23 (296) 10/07(280) 
* - Number in parenthesis indicate Julian day 
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Alachlor having a shorter half-life of 26 days (Table 4) than atrazine is predicted to 
be less adsorbed in the soil matrix. The FMBWQ model shows less amounts of alachlor 
adsorbed than the PRZM-2 model. Alachlor amounts disappear by the end of the growing 
season from the soil profile which is confirmed by the results of Baker and Johnson (1978). 
Predictions for the year 1969 were very similar for both the pesticides. Overall the FMBWQ 
model predicted less pesticide in the soil profile at the end of the growing season (Table 13). 
Four Mile Creek Watershed 
Figures 25 through 32 show data for the four pesticides for five years from 1976 
through 1980. Again, both PRZM-2 and FMBWQ predicted similar results of pesticide mass 
loss due to various loss mechanisms. Differences between the models for years 1978, 1979, 
and 1980 are due to accurate runoff prediction by the FMBWQ model. Results are very 
similar and the major loss mechanism is via soil decay. Volatilization losses of the pesticide 
are negligible, in fact, they are dependent on the surface compartment thickness. 
Chloramben, due to high solubility, and low adsorption is lost mostly in surface runoff (Fig. 
32). Figures 29 through 32 show the relative distribution of the pesticides in the adsorbed 
and dissolved phase. As can be seen, atrazine remains more than 95 percent in the adsorbed 
state due to low solubility whereas alachlor remains about 90 percent in the adsorbed form. 
Similarly, metribuzin remains around 80 percent and chloramben around 25 percent 
adsorbed. Chloramben disappears quickly during the growing season from the soil profile 
due to shorter half-life. 
Pesticide application dates relative to the storm events can be compared in Table 17. 
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The year 1976 was very dry and the first storm occurred on JD 150. Pesticide was applied 
the next day and so got adequately adsorbed. The year 1979 was a very wet year and so 
most of the pesticide either moved down or got washed off in surface runoff or degraded. 
Table 17 Simulation dates for Four Mile Creek Watersheds (Starting, pesticide 
application dates, and ending dates simulation; Plant emergence, maturity and harvesting 
dates) for both the models 
Year JSTART JPESTAPP JEMER JMAT JHARV JEND 
1976 05/29 (150) 05/30 (151) 05/10 (131) 08/30 (243) 10/22 (296) 10/31 (305)* 
1977 05/25 (145) 05/27 (147) 05/12 (132) 08/30 (242) 10/27 (300) 11/03(307) 
1978 04/13 (103) 04/20 (110) 05/12 (132) 08/30 (242) 10/27 (300) 11/09(313) 
1979 06/08 (159) 06/10 (161) 05/17 (137) 08/30 (242) 10/25 (298) 11/08(312) 
1980 06/11 (163) 06/12 (164) 05/14 (135) 08/30 (243) 10/14 (288) 11/04(309) 
* - Number in parenthesis indicate Julian day 
Summary of Chemical Fate 
Both the models gave similar results for chemical fate prediction. The FMBWQ 
model showed more pesticide concentration in the surface horizon with practically no 
pesticide moving beyond 90 cm. On the other hand, PRZM-2 showed pesticide masses in 
the range of 10 '' to 10^' mg/kg leaching past the root zone, because PRZM-2 considers only 
the advective movement of water whereas the FMBWQ model simulates the upward 
movement as well due to moisture gradients in the profile. Due to the vapor pressure of the 
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pesticide, there is a possibility that the concentration of the pesticide may increase 10-fold 
in the surface layer. Even though predictions of the chemical in the profile were similar, 
the FMBWQ model showed less chemical in the profile at the end of the growing season 
which should be right since the hydrologie predictions were more accurate. 
For both the watersheds, and from both the models, the pesticide loss in decay was 
highest in the month of June, possibly due to high initial amounts in the soil and higher soil 
temperatures. 
In the present version of the FMBWQ model, chemical concentrations in the tile flow 
has not been considered. Work may be continued to get the chemical concentrations in tile 
flow. Since an impermeable layer was introduced underneath the drains, the FMBWQ model 
did not predict any significant pesticide amounts leaching past the root zone, whereas PRZM-
2 did predict negligible quantity of pesticide leaching past the root zone. 
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SENSITIVITY ANALYSIS OF THE FMBWQ MODEL 
A sensitivity analyses of the FMBWQ model was performed in relation to the soil and 
water partition coefficient (K«.), and the pesticide degradation rate (t,/2) on the magnitude and 
trend of pesticide transport. 
Simulations were run in continuous mode with five years of actual meteorological 
data for the Four Mile Creek watershed. The above two pesticide properties considered 
significant for fate and transport were varied to include a generic range of pesticides. The 
above properties were selected to test the sensitivity of the chemistry component of the 
FMBWQ model. 
There have been reported in the literature several sensitivity analysis performed on 
the PRZM-2 and GLEAMS models as well as attempts to show correlation between the 
leaching potential of pesticides and their and t,/2 values. Leonard and Knisel (1988) 
conducted an in depth sensitivity analysis using the GLEAMS model which focused on the 
plant root zone. They provided 50 year mean annual leaching, erosion (sediment) and runoff 
losses with ranging from 10 to 10000 ml/g and t,/2 ranging from 3 to 100 days. The 
solubility of the pesticide was held constant at 1000 ml/g for 16 runs and varied from 0.1 
to 100 ml/g for 96 runs. Several generalizations regarding the effects of and ixn were 
reached. One correlation related the logarithm of the percent of applied pesticide leached 
below the core to the log (t,/2/K«) ratio as, 
log (%leached) = log (a) + log 
f ti \ 
2_ ( 7 0 )  
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This method was reported to have a coefficient of variance in the dependent variable of 60% 
to 110% from the linear relationship. 
In our study, the values ranged as 0.5, 2, 50, 500, and 1250 ml/g. The t,/; values 
for the first horizon varied as 5, 14, 60, and 120 days. The above range should encompass 
a majority of the pesticides. The t,/2 values for each lower horizon were multiples of the ti/2 
value in the surface horizon i.e. (5,10,15,20,25,30,30) for horizons one through seven. This 
was done to allow smaller tj/a at the surface to account for temperature or photodegradation 
effects. The pesticide application dates were varied each year and properties of atrazine 
were kept as constant. Computer programs were written to extract the information from the 
FMBWQ output files. 
Results 
The pesticide mass loss in erosion calculated by the FMBWQ model showed a very 
consistent increase with increase in the and t|/2 (Fig. 33a) values. The larger the K,*. of 
the pesticide, the more adsorbed the pesticide is to the soil particles in the sediment. 
However, at values above 1000 ml/g, losses in erosion were unaffected. A two order 
of magnitude increase in above 1000 ml/g led to a very small percentage change in 
erosion (Heinerikson, 1992). Below a of 100 ml/g, erosion was insensitive to the 
pesticide half-life. 
Runoff loss of the pesticide simulated by the FMBWQ model followed the trends 
generally found in experiments. As the Kq,. value increases at first, less pesticide is leached 
and more is lost in surface runoff (Fig. 33b). As Kg, increases further, more pesticide gets 
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adsorbed to the soil particles in the sediment and is accounted for in erosion thus reducing 
the amounts lost in surface runoff. There was reduction in sensitivity to t,/; as decreased 
for the model. 
The average annual leaching output below the root zone for the watersheds is shown 
in Fig. 33c. Tama, a silty clay loam (25% clay) soil allowed less leaching past the root 
zone. Below a of 100 ml/g, there was a noticeable decrease in sensitivity to t,/2 and 
above this value, sharp decrease in leaching output which is obvious, since more pesticide 
gets adsorbed to the soil particles in the sediment and less is allowed to leach through the 
soil profile. 
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SUMMARY AND CONCLUSIONS 
The existing FMBM model was revised to incorporate the chemical algorithms of the 
PRZM-2 (PRZM version 2.0) model. The revised model called the Field Moisture Balance 
Water Quality (FMBWQ) model is now capable of predicting flow and transport of pesticides 
with the advantage of having more complex deterministic hydrologie subprocesses. The 
FMBWQ model was calibrated with data from the Gingles and Four Mile Creek watersheds 
in Iowa and the calibration verified with independent data from the same watersheds for 
several years. 
The model calibration (year 1968 for NE watershed at Gingles and site 1 in 1979 for 
Four Mile Creek watershed) showed good agreement between measured and predicted runoff 
and soil moisture contents. The FMBWQ model predictions of soil moisture were all within 
±3% of the measured values in the root zone (0-1.5 m). Sum of the squared residuals and 
root mean square error for the calibration year and for verification years at the Gingles 
watershed indicate the FMBWQ model's ability to predict runoff and soil moisture better 
than the PRZM-2 model. Higher R-squares, regressed slope close to unity, and accurate 
seasonal runoff prediction for the Gingles watershed show considerable improvement over 
PRZM-2 hydrologie simulations. However, both models did not predict accurate hydrology 
at the Four Mile Creek watershed, except during the calibration years. The FMBWQ model 
predicted considerably less pesticide mass in the core than PRZM-2 throughout the growing 
season for both the watersheds. 
Both the models provided reasonably close predictions of herbicide concentrations 
within the upper 5-cm zone. The results suggest that the hydrologie components in both the 
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models significantly affect the subsurface chemistry and pesticide fate. Results reported are 
for discrete simulations during the growing season for each year, which may be different 
from results obtained on an annual basis by continuous simulations. In the absence of 
experimental chemistry data, a quantitative assessment is impossible to make. The FMBWQ 
model's chemical validity could not be compared to any observed amounts at Four Mile 
Creek watersheds since the simulation years were different than the years when surface 
runoff and herbicide measurements were reported. However, soil sampling results verified 
the FMBWQ model predictions (Baker and Johnson, 1978; Roberts et al., 1983) of pesticide 
concentrations in the soil profile. 
The results of varying and t,/2 on pesticide mass losses in erosion, runoff and 
leaching were as expected. In fact, polynomial functions depending on K«, t,/2, and %0C 
can be developed for a generic range of pesticides for a particular soil type. 
The FMBM model was originally developed for field conditions at Gingles watersheds 
which are quite homogeneous (with regards to soil physical properties and weather pattern) 
as compared to the field sites at the Four Mile Creek watershed. The variability in 
precipitation was low for Gingles as compared with the weather pattern at Four Mile Creek 
watersheds, where the seasonal precipitation was more than average for most part of the 
simulation period. These conditions might have affected plant growth considerably which 
the FMBWQ model had trouble handling. Also, tile flow was simulated in the FMBWQ 
model for the very first time. The drainage component of the model is based on a simplified 
approach to consider the tile flow recession constant. Negligible pesticide leaching to the 
ground water was predicted for the Four Mile Creek conditions by the FMBWQ model since 
137 
the horizon underlying the drain was assigned a considerably low saturated hydraulic 
conductivity. The tile drainage component needs considerable testing and calibration before 
it can be used with confidence in the model. 
Work is continuing to enable FMBWQ simulate multiple years with the capability of 
handling snow and frozen soil conditions. 
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SUGGESTIONS FOR FUTURE RESEARCH 
The FMBWQ model holds promise of providing the tool for more realistic simulation 
of field size plots by having more complex deterministic hydrology. At present, the plant 
growth component in the model is a simple one which can be modified to account for more 
complex interactions taking place between the soil-water-plant system. That would certainly 
improve the évapotranspiration and volatilization predictions. 
An improved component to handle fluctuating water table and tile drainage needs to 
be incorporated within the FMBWQ model in order to achieve representative field 
simulations for Four Mile Creek watershed. The model can run as a continuous simulation 
model which will give a better picture of the hydrologie processes occurring in the field. 
Factors important in determining the effect of recent tillage, including cultivation, on 
runoff volumes, and how this effect declines with time (or precipitation), need to be better 
defined in the model. Also, sensitivity analyses of various hydrologie parameters considered 
in the model would improve the model predictions significantly, since the FMBWQ model 
is capable of handling complex hydrologie interactions. 
The FMBWQ model at present does not have a component for preferential/macropore 
fiow simulation, addition of which could greatly improve the infiltration predictions. The 
GAML function was tested for the very first time and comparing results of infiltration with 
PRZM-2 seem to be promising. A sensitivity analysis of the GAML function will help in 
understanding the process even better and improve the infiltration estimates. Addition of a 
nutrient component to simulate nitrate-nitrogen leaching from the model will further expand 
the capabilities of the FMBWQ model. 
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